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ABSTRACT 
Increasing the information content obtainable from a single assay and system 
miniaturization has continued to be important research areas in analytical chemistry. 
The research presented in this dissertation involves the development of a two-color, 
time-resolved fluorescence microscope for the acquisition of both steady-state and 
time-resolved data during capillary and microchip electrophoresis. The utility of this 
hybrid fluorescence detector has been demonstrated by applying it to DNA sequencing 
applications. Coupling color discrimination with time-resolved fluorescence offers 
increased multiplexing capabilities because the lifetime data adds another layer of 
information. An optical fiber-based fluorescence microscope was constructed, which 
utilized fluorescence in near-IR region, greatly simplifying the hardware and allowing 
superior system sensitivity. Time-resolved data was processed using electronics 
configured in a time-correlated single photon counting format. Cross-talk between 
color channels was successfully eliminated by utilizing the intrinsic time-resolved 
capability associated with the detector.  
The two-color, time-resolved microscope was first coupled to a single capillary 
and carried out two-color, two-lifetime sequencing of an M13 template, achieving a 
read length of 650 bps at a calling accuracy of 95.1%. The feasibility of using this 
microscope with microchips (glass-based chips) for sequencing was then 
demonstrated. Results from capillaries and microchips were compared, with the 
microchips providing faster analysis and adequate electrophoretic performance. 
Lifetimes of a set of fluorescent dyes were determined with favorable precision, in 
spite of the low loading levels associated with the microchips. The sequencing 
 xiii
products were required to be purified and concentrated prior to electrophoretic sorting 
to improve data quality. PMMA-based microchips for DNA sequencing application 
were evaluated. The microchips were produced from thermo plastics, which allowed 
rapid and inexpensive production of microstructures with high aspect ratios. It was 
concluded that surface coating was needed on the polymer chips in order to achieve 
single-base resolution required for DNA sequencing. The capability of the two-color 
time-resolved microscope operated in a scanning mode was further explored. The 
successful construction of the scanner allows scanning of multi-channel microchips 
for high throughput processing.  
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CHAPTER 1. DNA SEQUENCING BY GEL ELECTROPHORESIS 
1.1. DNA Basics 
Life is characterized by tremendous diversity, but the coding instructions of all 
living organisms are written in the same genetic language — that of Deoxyribonucleic 
Acid (DNA). Located inside of the nucleus of each cell of any living organism, DNA 
carries the genetic instruction, which consists of a master code that directs the building 
of all cellular structures and functions. This code is written in a language by only four 
genetic letters, which represent four different nucleotide bases, Adenine (A), Cytosine 
(C), Guanine (G), and Thymine (T). DNA is a well-known macromolecule that 
consists of many nucleotides as the basic building blocks. These building blocks form 
a long continuous chain, which is tightly coiled together as double helix. These double 
strands are organized into chromosomes and compressed by associated proteins. For 
humans, a total of 3 billion nucleotides are ordered and arranged within 23 pairs of 
chromosomes. Each chromosome contains many genes, pieces of DNA that contain 
information for directing protein synthesis in a cell. They are the basic functional and 
physical units of heredity and comprise about 2% of the human genome; the remainder 
consists of non-coding regions, whose functions may include providing chromosomal 
structural integrity and regulating where, when, and in what quantity proteins are 
made. Simply put, it is the order of the three billion A, C, G and T bases arranged 
along the chromosomal DNA, which spell out what we are and how our cells operate. 
1.1.1. The Human Genome Project  
The Human Genome Project (HGP), with goals of identifying all of the 
approximate 36,000 genes and determining the primary structure of the entire human 
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genome comprised of its 3 billion base pairs, was initiated in 1990 and completed in 
2003. Its completion is believed to be a significant milestone in the scientific world 
and represents one of the greatest achievements of humanity. It has provided a wealth 
of information including the number and average size of human genes, the fraction of 
the genome that codes for proteins, and the degree of sequence similarity, both among 
humans and compared with other organisms [1, 2]. The availability of this information 
greatly facilitates the identification and isolation of genes that contribute to many 
human diseases, provides probes that can be used in genetic testing, diagnosis of 
diseases, and drug development and offers important information about many basic 
cellular processes as well.  
The Human Genome Project was spawned by new technologies evolving over 
the past 15 years. Tremendous improvements have occurred in every field related to 
DNA sequencing, including developments in electrophoretic separation methods, 
instrumentation for fluorescence detection, DNA purification and cloning methods, 
and computational methods for the analysis of sequences. The successful completion 
of the Human Genome Project, however, does not signify an end to the further pursuit 
of novel techniques for providing sequence information to improve the throughput and 
reduce the cost. To the contrary, the number of known sequences increases the need 
for even more sequence data for verification (comparative genomics) and diagnostic 
purposes [3, 4]. 
1.1.2. The Structure of DNA 
The structure of DNA can be considered at three levels of increasing 
complexity: the primary, secondary, and tertiary structures. The primary structure of 
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DNA consists of a large number of repeating units joined together by phosphodiester 
linkages. Each unit, a deoxyribonucleotide (simply called nucleotide), contains a 
deoxyribose sugar unit, a phosphate, and a nitrogen-containing base (Figure 1.1). 
There are four different types of nucleotides in DNA, differing in their nitrogenous 
base. Each is given a one-letter abbreviation; A for adenine, G for guanine, C for 
cytosine and T for thymine. The nitrogenous bases always form a covalent bond with 
the 1’-carbon atom of the deoxyribose sugar. All nucleotides of DNA are joined 
together by phosphodiester bonds that connect the 5’-phosphate group of one 
nucleotide to the 3’-carbon atom of the next. Therefore, in the primary structure, DNA 
exists as a biopolymer with a sugar-phosphate linkage serving as its backbone (see 
Figure 1.2). The order of the four bases along the backbone encodes the information 
that ultimately determines the phenotype. It varies greatly and hence renders a high 
degree of individuality of any particular DNA.  
O
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Figure 1.1. Chemical structure of a deoxyribonucleotide. 
 
The secondary structure refers to DNA’s stable three-dimensional double 
helical configuration. In 1953, James Watson and Francis Crick discovered that DNA 
has a double-helix structure, a spiral consisting of two DNA strands wound around 
each other [5]. The alternating sugar-phosphate backbones orient on the outside of the 
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Figure 1.2. The primary structure of DNA. Four different nucleotides (A, C, G, and T) 
are linked together by phosphodiester bonds. 
 
helix and the bases project into the interior of the molecule (Figure1.3). The bases on 
opposing strands are paired via hydrogen bonds such that adenine always pairs with 
thymine and guanine always pairs with cytosine. The specificity of the base pairing 
indicates that the two polynucleotide strands of a DNA molecule are complementary. 
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Spiraling of the nucleotide strands generates major and minor grooves in the helix, 
which is important for the binding of proteins that regulate the expression of the 
genetic information. The hydrogen bonds are relatively weak and therefore the two 
nucleotide strands can be easily separated and reestablished, which is needed in certain 
circumstances for several important applications as will be seen in later sections.       
   
                                          A                                                       B 
Figure 1.3. The secondary structure of DNA. (A) Complementary strands of DNA. 
Two polynucleotide chains associate by hydrogen bonds between bases to form a 
double-stranded DNA. (B) The Watson-Crick model of DNA double helix structure. 
 
The tertiary structure of DNA refers to the complex packing arrangements of 
double-stranded DNA in chromosomes. As already described, DNA exists in the form 
of very long molecules. Therefore, they must be tightly packed to fit into the nucleus 
in which it resides.  
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1.1.3. Shotgun Sequencing Strategies for Whole Genome Processing     
The main obstacle to sequencing an entire genome is their immense size. For 
example, the 3-billion base pairs of the human genome are distributed among 23 pairs 
of chromosomes, with the smallest chromosome containing 50 million bases and the 
largest 250 million bases. In spite of the refinements of the sequencing methods, it is 
still impossible to sequence from one end of a chromosome and continue through to 
the other end, because the length of the longest contiguous DNA stretch that can be 
sequenced is limited by the length that can be read by gel electrophoresis. The shotgun 
sequencing method has been widely adopted in production-scale sequencing to 
address this problem. In this method, DNA is first cut into smaller more manageable 
pieces. Each of these fragments is then sequenced individually and finally assembled 
together to create the original contiguous sequence.  
There are two major shotgun strategies for large genome sequencing. One is 
named Ordered Shotgun Sequencing (OSS) or map-based sequencing [6]. It involves 
an initial mapping step that basically involves placing landmarks (Sequence Tagged 
Sites, STS) throughout the genome. The primary steps involved in the sequencing 
process using OSS are depicted in the flow chart shown in Figure 1.4. The genome is 
first broken into pieces of approximately 100 to 500 kilobase pairs (kbp), which are 
then cloned into Yeast Artificial Chromosomes (YACs) or Bacterial Artificial 
Chromosomes (BACs) to yield a library containing many copies of each fragment of 
the genome. These large-insert clones are ordered by STS mapping or by 
fingerprinting to result in a minimally overlapping tiling path, which covers the whole 
genome. Each clone is then individually sequenced using a shotgun strategy. The BAC 
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or YAC clones are sheared into fragments ranging in size from 1000 to 2000 bp 
followed by sub-cloning into a single stranded M13 bacteriophage, to produce high 
quality single stranded DNA. These small-insert clones, with an appropriate size for 
actual sequencing (~1000 bp), are then sequenced typically by using Sanger dideoxy-
chain termination methods that will be described in the next section. Following 
sequencing, these small-insert clones are finally reassembled into a contiguous strand 
with the final gap closure accomplished by directed reads. 
 
Figure 1.4. Processing flow chart of ordered shotgun sequencing of DNA. 
 
Another strategy is called Whole Genome Shotgun Sequencing (WGSS). The 
whole genome of an organism is fragmented randomly without a prior mapping step. 
Small-insert clones are prepared directly from these DNA segments and then 
sequenced, often from both ends [7]. Using this method, computer assembly of 
sequence reads is more demanding than in the OSS strategy due to the lack of 
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positional information. This method was adapted for whole human genome 
sequencing by Celera Genomics [8]. 
1.1.4. Sanger Chain Termination Sequencing for Determining the Primary 
Structure of DNA 
 
The first methods for sequencing DNA to determine its primary structure, the 
order of the four bases along the backbone, were developed in 1970s. Allan Maxam 
and Walter Gilbert developed a method based on the chemical cleavage of DNA [9] 
while Frederick Sanger and his colleagues created the dideoxy sequencing method 
based on the elongation (polymerization) of DNA [10]. The Sanger method has served 
as the cornerstone for most genome sequencing efforts since 1977 and dominates 
today’s production sequencing due to its ability to be easily automated. Therefore, this 
method will be described in this section.  
The Sanger method of DNA sequencing, which is also called the dideoxy 
method, is based on the process of replication. The sequencing starts with an M13 
clone that contains an insert of foreign DNA to be sequenced. This single strand DNA 
fragment is used as a template to produce a series of complementary DNA molecules 
by using a polymerase enzyme. The Sanger sequencing reaction protocol is depicted in 
Figure 1.5. Four specially designed DNA nucleotide analogs, dideoxyribonucleoside 
triphosphates (ddNTP) are used. They are ddATP, ddCTP, ddGTP, ddTTP, which are 
identical to deoxyribonucleosides (dNTPs) except that they have an -H instead of an -
OH group on the 3’-carbon position of the deoxyribose sugar (see Figure 1.6). The 
reaction is carried out by adding to the template DNA, a primer, which is a short 
polynucleotide with a complementary sequence to a certain 3’ position of the template 
DNA, a polymerase enzyme and a mixture of all four dNTPs with one of the four 
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Figure 1.5. Schematic diagram of Sanger chain termination DNA sequencing. 
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                             A                                                                      B 
Figure 1.6. Chemical structures of a dNTP and ddNTP. (A) Structure of 
deoxyribonucleoside triphosphate (dNTP). (B) Structure of dideoxyribonucleoside 
(ddNTP) triphosphate. It lacks a hydroxyl group on the 3’ position of the deoxyribose 
sugar. 
 10
potential ddNTPs. Either one of the ddNTPs or the primer is tagged with a label, 
typically with a fluorescent label, so that it can be detected. The primer anneals to a 
complementary site on the template DNA providing a 3’-OH group to initiate the 
DNA synthesis. The polymerase enzyme assembles dNTP into a new strand of DNA 
from the primer, forming a complementary strand to its template. Each incoming 
nucleotide is selected by virtue of Watson-Crick base pairing rules. It uses at random 
either a dNTP or ddNTP to introduce a base in the newly synthesized strand. In the 
reaction mixture, dNTP is present in a much larger quantity than that of ddNTP 
(~1%). Therefore, dNTP is incorporated most often, allowing DNA synthesis to 
continue. However, when ddNTP is occasionally incorporated into the strand, 
synthesis of the growing DNA chain is terminated since there is no 3’-OH group on 
ddNTP to form a phosphodiester bond with another incoming nucleotide. This 
termination occurs randomly at different positions in different copies, producing a 
nested set of DNA fragments of different length, each ending with the same base. 
Equivalent reactions take place in four tubes, each ending in a particular nucleotide 
base. Thus, new DNA chains of all possible lengths that are complementary to the 
unknown sequence are generated.  
The reaction is carried out for many cycles (usually 20 - 50) under an 
appropriate temperature sequence that allows denaturation, primer annealing and 
extension occurring for a short period of time in each cycle to achieve complementary 
fragment amplification. By correlating the length of the terminated fragments with the 
identity of the terminating base that was present in the reaction, one can determine the 
order of the nucleotide bases through the size of the nested fragments and, hence, the 
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corresponding nucleotide sequence. It should be noted that the sequence obtained is 
not that of the target DNA but that of its complement. After the completion of 
sequencing reactions, the products are loaded onto an electrophoresis gel, size 
fractionated and finally sequences are read out from the gel.   
1.2. DNA Separation by Gel Electrophoresis 
1.2.1. Gel Electrophoresis Basics 
Electrophoresis involves the application of a high voltage across a conductive 
medium, within which charged molecules move with distinguishable migration rates 
to achieve separations. Differences in shape, size, and overall charge of the solute 
molecules result in characteristic electrophoretic mobilities, providing the basis of the 
electrophoretic separation. During electrophoresis, the applied electric field strength 
results in electrophoretic migration of a molecule, but a frictional force acts in the 
opposite direction. The electrical force (Fe) is given by the equation:  
         qEFe =       (1.1) 
And the frictional force (Ff) is described by the equation:  
 )(
dt
dxfFf =                                                      (1.2) 
where q is the net charge on the molecule, E is the applied electric field (V/cm), f is 
the translational friction coefficient and dx and dt are the distance and time 
increments, respectively. Under steady-state conditions where the frictional force and 
the electric force are counterbalanced, the solute migrates with a steady-state velocity 
(v); 
                                        
f
Eq
dt
dxv ==                                             (1.3) 
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The movement of an analyte is quantified in terms of its electrophoretic mobility(µ ), 
which is defined as the velocity per unit field strength;  
                                                
E
v=µ                                                          (1.4) 
Substitution of equation (1.3) into equation (1.4) results in the following equation: 
f
q=µ                                                          (1.5) 
This equation describes the mobility of an analyte in terms of its charge (q) and 
the frictional coefficient (f), which is related to the conformational state of the solute 
molecule as well as its molecular weight. In free solution, the electrophoretic mobility 
is dependent on the ratio of charge to molecular size and configuration. As described 
previously, DNA is a biopolymer that consists of many repeating units called 
nucleotides. Each nucleotide carries a constant net negative charge residing on the 
phosphate group (pH > 5). Therefore, the total net charge on the molecule is directly 
proportional to its size, meaning q ≈ N, where N is the number of base pairs in the 
DNA chain. Since the DNA molecule acts as a free-draining coil, each of its units 
contributes equally to the overall drag of the chain. Thus, f ≈ N. Replacing these 
relations in equation (1.5) provides an illustration that electrophoretic mobility of the 
DNA molecule (in free solution) remains constant with changes in molecular size (N):  
0N
N
N
f
q =≈=µ                                                 (1.6) 
Because of this property of DNAs, free solution electrophoretic separations are 
impossible. It was first realized in 1966 that if DNA electrophoresis is performed 
within a gel medium, size-based separation will occur [11]. Electrophoresis of DNAs 
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in a gel matrix can be thought of as a type of “gel filtration” where a mixture of 
nucleic acid molecules of different sizes are forced to move through the pores of the 
matrix under the influence of an electric field. Any DNA fragments to be fractionated 
encounter the gel network of polymer threads or pores, which increase the effective 
friction and consequently, lower the velocity of movement of the molecules. Small 
molecules move more rapidly through the gel, while large molecules move relatively 
slow. The existence of the gel medium contributes significantly to the observed 
electrophoretic mobility of the DNA molecules. The pore size in the gel matrix plays a 
critical role in determining the relative electrophoretic mobility and the separation 
efficiency of DNA fragments.  
1.2.2. Electrophoresis Platforms for DNA Sequencing  
For DNA sequencing, electrophoresis is mainly used in one of three formats: 
slab gel, capillary, or microchip.  The slab gel format employs a thin slab of 
chemically cross-linked gel and is traditionally used for the separation of biological 
macromolecules. The capillary format typically utilizes a small-bore capillary tube 
containing various matrices that are used as molecular sieves. The microchip format 
employs a separation channel embedded in a planar substrate.  
1.2.2.1. Slab Gel Electrophoresis (SGE) 
Slab gel electrophoresis is a traditional electrophoretic format used to separate 
DNA fragments in which the gel medium for electrophoresis is layered between two 
flat glass sheets. Figure 1.7 shows a typical slab gel electrophoresis unit. The thickness 
of the gel is determined by the dimensions of the spacers used along the sides of the 
gel during polymerization, typically ranging from 0.2 to 1 mm. When electrophoresis 
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Figure 1.7. Schematic of slab gel electrophoresis system. 
is performed, multiple samples, as many as 96, can be run in parallel in the same gel 
that is submersed in buffer. Samples are loaded into wells formed at one end of the gel 
during polymerization. The field strength that can be applied across the gel medium 
ranges from 50 to 80 V/cm, with the upper limit determined by heating (Joule) 
resulting from current flow through the gel. In this electrophoresis format, heat cannot 
be efficiently dissipated through the thick gel resulting in zone broadening, which 
limits the upper level of the electric field strength that can be effectively applied. Since 
all samples are present in the same gel, the electrophoresis is uniform from lane to 
lane. The sample loading volume is typically 1-10 µL and analysis times range from a 
few hours to overnight with a rate of 100 bases per hour per lane. Despite its well-
established reliability, slab gel electrophoresis suffers from several disadvantages. The 
most significant limitation of this platform is its poor dissipation of Joule heating, 
which limits its use to low electric fields. Moreover, the entire process, from the 
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casting of the gel, preparation and loading of samples, is a series of cumbersome and 
time-consuming tasks. 
1.2.2.2. Capillary Gel Electrophoresis (CGE) 
Capillary electrophoresis (CE) has steadily gained popularity since its 
introduction in the late 1980’s because of its inherent simplicity, the ability to provide 
online detection, full automation and superior throughput. The capillary filled with gel 
has been recognized for its potential to replace slab gel for DNA sequencing and is 
known as capillary gel electrophoresis (CGE). Capillaries employed in CGE are 
typically made of fused silica with an internal diameter of 20 to 100 µm and lengths of 
20 to 100 cm. They are externally coated with a polymeric substance, polyimide, as a 
protection layer to give the capillary mechanical strength. The small dimensions of 
capillaries require only milliliter quantities of buffer and sample volumes in the 
nanoliter range. The efficient dissipation of Joule heat afforded by the high surface-
area-to-volume ratio of a capillary tube virtually eliminates thermal and gravitational 
convection, allowing high electric strengths to be used resulting in short analysis times 
[12]. In DNA separations, field strengths of about 300 V/cm are typically used, 
providing 25-times faster separations compared to conventional slab gel 
electrophoresis [13]. 
The basic components of CGE include a high voltage power supply, a 
capillary, two buffer reservoirs that can accommodate both the capillary and the 
electrodes connected to the power supply, and a detector (see Figure 1.8). The high 
electric field strength that can be applied during electrophoresis results in a shorter 
electrophoresis time and enhanced separation efficiency compared to slab gel. In CGE, 
 16
the capillary is filled with sieving polymer (gel) containing electrolyte or running 
buffer and its ends are submerged into reservoirs containing the same buffer. Samples 
are injected by dipping one end of the capillary into the sample and applying an 
electric field (electrokinetic injection) or by applying pressure (hydrodynamic 
injection). After a small sample plug is introduced into the capillary, the capillary is 
returned to the buffer reservoirs and electrophoresis is started. The species eventually 
pass a detector placed at the far end of the capillary where information is collected and 
stored by a data acquisition system.  
 
Figure 1.8. Schematic representation of capillary electrophoresis system. 
 
In free solution CE, the migration of the ionic species in the sample plug is 
driven by an electroosmotic flow (EOF), a bulk flow of solvent moving from the 
positive electrode toward the negative electrode. EOF is caused by development of an 
electrical double layer at the silica/buffer interface due to ionization of surface silanol 
groups at a certain pH value. The electrical double layer consists of an immobile layer 
of positive ions, which are strongly adsorbed to the solid surface (called the stern 
layer), and a diffuse double layer (referred to as the Gouy-Chapman layer) extending 
into the liquid (Figure 1.9A). This creates a shear plane at some distance from the 
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fused silica surface and a potential difference, known as the zeta potential. When an 
electric field is applied, the mobile part of the diffuse double layer migrates toward the 
cathode in response to the electric force dragging the bulk solution behind it (Figure 
1.9B). Unlike laminar flow with a parabolic velocity profile, EOF is theoretically 
predicted to have an almost completely flat velocity profile, which varies only within 
the thickness of the double layer and reaches a constant velocity outside of it.  
 
                             A                                                                        B 
 
Figure 1.9. Schematic of electroosmotic flow (EOF). (A) A schematic representation 
of the electrical double layer showing the negatively charged surface, fixed excess 
positive ions in the stern layer and mobile excess positive ions in the diffuse Gouy-
Chapman layer [14]. (B) Schematic of EOF generated in a fused silica capillary when 
an electric field is applied. 
 
EOF is strongly pH dependent and the magnitude can be very high. The 
mobility of EOF (µeo ) is given by the following equation,  
ηεζµ /=eo                                                     (1.7) 
where η is viscosity, ζ is zeta potential, and ε is the dielectric constant. The inclusion 
of it into the calculation of velocity of analytes is essential and results in:  
   )( eoepapp E µµµν +==                                             (1.8) 
Capillary 
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where µapp, is the mobility due to the applied electric potential, µeo is the mobility due 
to the EOF, and E is the electric field applied across the capillary. The magnitude of 
the EOF is usually much larger than the electrophoretic mobility of the species under 
analysis. As a result, all species are moved through the capillary, even if they are 
attracted to the electrode at the injection end. µapp can be treated in vector terms in an 
additive or subtractive nature depending on the direction of the EOF.   
However, EOF is undesirable when gel-filled capillaries are employed for 
DNA separations. DNA molecules are negatively charged and have an electrophoretic 
mobility toward the anode. In bare silica capillaries, a large magnitude of the EOF 
drives DNA molecules towards the cathode and therefore distorts the separation of 
DNAs. In some cases, electroosmotic forces within the capillary may cause the gel to 
migrate out of the capillary. In addition, analyte-wall interactions due to ionic 
interactions and hydrogen bonding significantly interfere with the separation as well. 
Because of these issues, it is desirable to suppress EOF within the capillary for gel 
separations of DNA. EOF can be controlled by applying a proper coating, either a 
covalent or a dynamic coating at the inner surface of the capillary [15-17]. The 
coatings can increase, decrease, reverse, or eliminate the EOF depending on the 
presence or absence of certain functional groups contained within the coating 
materials. Coated capillaries also prevent sample interactions with the capillary and 
feature good separation efficiency and excellent run-to-run migration-time 
reproducibility. Most DNA separations by capillary gel electrophoresis are conducted 
in coated capillary tubes, where EOF is completely eliminated or significantly reduced 
to achieve high-resolution separations.  
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Covalent coating, which involves permanently coating the silica surface by 
chemically bonding a polymer layer, is a straightforward approach. However, this 
method suffers degradation and requires regeneration of the coating or replacement of 
the capillary. On the other hand, dynamic coating, as an alternative approach, utilizes 
dissolved surface-active compounds that can be physically adsorbed onto the inner 
capillary surface prior to or during the separation process to provide a thin layer of 
coating. This has been demonstrated as the easier method for surface modification. 
For all separation-based technologies, resolution is critical, especially in DNA 
sequencing since the read length (i.e., number of bases that can be accurately called in 
a single gel run) is dependent upon the electrophoretic band separation. Resolution is 
typically determined by two important electrophoretic parameters; (1) efficiency, 
which is measured in plates and; (2) selectivity, which is determined by the properties 
of the sieving gel and the molecular properties of the analytes. The plate numbers are 
typically dependent upon the degree of band broadening or zonal dispersion, which 
describes processes that broaden zones during their migration through the capillary or 
other separation conduit. In gel electrophoresis, the major contributor to band 
broadening for well-designed systems is longitudinal diffusion of the solute molecules 
as they move through the separation conduit. Assuming that zonal dispersion is 
dominated by longitudinal diffusion, the theoretical plate number (N), characteristic of 
column efficiency, can be directly related to the molecular diffusion by;  
D
lEN
2
⋅= µ                                                      (1.9)                             
where µ is the electrophoretic mobility, D is the diffusion coefficient of the solute in 
the separation gel-buffer system, and l is the effective column length. This equation 
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suggests that higher applied electric fields and lower solute diffusion coefficients will 
result in higher separation efficiency. Another mathematical expression for separation 
efficiency is given as:         
   2
2/1
)(54.5
W
tN R=                                                 (1.10) 
where tR is the migration time of the peak and  W1/2 is the width at half-height of a 
Gaussian peak, which is related to dispersion processes with tend to broaden 
electrophoretic bands as they move down the separation tube.  
The resolution (Rs) can be calculated from the following equation for 
electrophoretic separations: 
2/1
,4
1 NR
avgapp
app
s µ
µ∆=                                              (1.11) 
where ∆µapp is the difference in mobility between two neighboring bands (selectivity), 
µapp,avg is the mean mobility of two neighboring components and N is the plate number 
(efficiency). As can be seen from this equation, the resolution in electrophoresis is 
determined by the relative mobilities between two components and the separation 
efficiency. When Rs = 0.75, two bands are considered as baseline resolved.     
1.2.2.3. Microchip Gel Electrophoresis (µ-CGE) 
Transitioning capillary gel electrophoresis to planar chips is considered as a 
revolutionary leap in analytical instrumentation and is having a large impact in the 
area of DNA sequencing.  Microchip electrophoresis, being considered as a scaled-
down version of conventional CE, can speed up analysis and allow massively parallel 
measurement systems to be envisioned. It also allows sophisticated sample processing 
steps to be carried out in an automated fashion while greatly reducing reagent and 
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waste stream volumes. Chip-based DNA separation systems have been shown to have 
several advantages over their conventional analogues (SGE, or CGE, see Table 1.1).  
Table 1.1. Comparison of three platforms used for DNA fragment separations. 
 
 96-Lane 
Format 
Load 
Volume 
Field 
 Strength 
Development 
Time 
Gel 
Pouring 
Slab Gel 
Electrophoresis 
Yes 1-5 µL 20-50 V/cm 6-8 hrs Yes 
Capillary Gel 
Electrophoresis 
Yes 1-10 nL 100-300 V/cm 2-4 hrs No 
Micro-Gel 
Electrophoresis 
Yes 0.1-1 nL 100-300 V/cm 0.5-1 hrs No 
 
Typical microchips consist of microstructures embedded into a glass or 
polymer substrate, ranging in design from a single electrophoretic separation channel 
and its injector to complex lab-on-a-chip or micro-total analysis systems (µ-TAS) that 
include processing steps such as sample input, pre- and post-column reaction 
chambers, separation columns and detectors. Electrophoretic separations in microchips 
are performed directly in the fabricated microchannels, with wells at the end of 
channels serving as reservoirs. The simplest layout of a microchip containing a cross 
structure is shown in Figure 1.10. The use of cross-channels for sample injection 
allows for the injection of narrow, well-defined sample zones, which can significantly 
reduce the separation distance required for adequate resolution of DNA samples [18]. 
Samples are loaded electrokinetically into a cross-injector region and the separations 
are performed by applying an electric field across the long separation channel. The 
separated solute bands are then most frequently detected with laser-induced 
fluorescence (LIF) at the end of the separation channel.  
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Figure 1.10. A typical microchip electrophoresis system.  
 
1.2.3. DNA Migration Models 
The nature of the interaction between the polymer networks and DNA species 
during separation has been extensively studied by a number of researchers and the 
results are various molecular mechanisms that can be used to describe DNA migration 
in polymer solutions. Two well-known models are the Ogston model and the reptation 
model.  
The Ogston model treats the polymer network as a molecular sieve. It assumes 
that the matrix consists of a long, inert and randomly distributed network of 
interconnected pores with a certain average pore size, through which the solute 
molecules migrate as a spherical coil. These unperturbed spherical migrating species 
diffuse laterally until they encounter pores large enough to accommodate passage. 
Small molecules migrate faster because they have accessibility to a larger fraction of 
the available pores. The mathematical relation given by the extended Ogston model is: 
TRrLLogLog 20 )( +−= πµµ                                 (1.12) 
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whereµ  is the apparent electrophoretic mobility and 0µ  is the free solution mobility 
(with no sieving matrix) of the analyte. L is the gel polymer length per unit volume, r 
is the polymer radius, R is the radius of the migrating molecule, and T is the total 
polymer concentration. This equation describes the retardation of the solute molecules 
in a gel or polymer network that is a function of the separation matrix concentration 
and its physical interactions with the electrophoresed molecules. When the average 
pore size of the matrix is in the same size range as the hydrodynamic radius of the 
migrating analyte molecules, the Ogston model applies (Figure 1.11A). This model is 
supported by Ferguson plots which should depict a linear relationship of gel 
concentration vs. log µ  of DNA fragments crossing each other at zero gel 
concentration. However, according to Ogston, the mobility of migrating species will 
quickly approach zero when the molecular radius approaches the pore size of the 
sieving matrix. In other words, this model cannot explain the behavior of large, 
flexible molecules migrating through sieving media with mesh size significantly 
smaller than their size. This phenomenon can, however, be described by the reptation 
model.  
The reptation theory, represented in Figure 1.11B, suggests that large DNA 
molecules, when they are too large to fit through a pore while maintaining a coiled 
conformation, would exhibit “snake-like” migratory behavior moving through the 
smaller pore network of the gel under the influence of an electric field. This model is 
based upon the assumption that the migrating molecule can deform and stretch, 
behaving as a free draining coil instead of an immutable sphere with fixed radius of 
gyration described by the Ogston model. The mobility of the analyte molecule by this 
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process is inversely proportional to its molecular size (slope value close or equal to –1, 
Figure 1.12). 
                                     
                          A                                        B                                            C  
Figure 1.11. Schematic of DNA fragment (red line) migrating through polymer 
network (black dot). (A) Ogston sieving. (B) Reptation without orientation. (C) 
Reptation with orientation (alignment in electric field). 
 
 
Figure 1.12. Schematic representation of the relationship between the logarithmic 
normalized electrophoretic mobility (µ/µ0) and the molecular size (L) [19]. Rg: radius 
of gyration. a: mean pore size of a gel. 
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At extremely high electric field strengths, reptation turns into a biased 
reptation mode (Figure 1.11C). Under this model, electric field-induced orientation 
extends the stretching periods of DNA, causing their random walk to become strongly 
biased in the forward direction. The leading end of DNA becomes completely aligned 
with the field so that no further field effects exist. In a fully biased reptation regime, 
the mobility increases to saturation at which point there is no dependence of mobility 
on DNA length and this results in all large fragments migrating at the same rate. 
1.2.4. DNA Separation Matrices   
As discussed in the above section, the pore structures within the sieving 
polymer dictate its ability to separate DNA molecules of various sizes that are driven 
through it electrophoretically. Agarose gels are standard gel matrices used in the 
analysis of large double-stranded DNAs (kilobases) in a slab gel format due to its 
relatively large average pore size (100 nm in a 2% gel solution) [20]. However, they 
do not possess enough sieving power to resolve oligonucleotide fragments with small 
size differences. In DNA sequencing, where single-base resolution is required over a 
wide size-range, gel matrices with greater sieving power must be employed to achieve 
extremely high efficiency and selectivity. Type, composition and quality of the sieving 
materials greatly influence the performance of DNA sequencing by electrophoresis. 
There is, thus, continuous research interest in the improvement of already existing 
polymeric materials and in the search for novel approaches.  
Common sieving matrices used for DNA sequencing are linear or cross-linked 
polyacrylamides or its derivatives, which possess the appropriate pore size distribution 
for sorting single-stranded DNAs. To date, cross-linked polyacrylamides still remain 
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the major separation media for slab gel, while replaceable linear gels are found to be 
more suitable in capillary for DNA sequencing. Recent efforts to improve microchip 
DNA separations have led to the development of new sieving solutions that are more 
compatible with the microfluidic format. A few groups are developing alternative 
polymer solutions with desirable sieving properties and lower viscosities to use in 
microchip formats [21, 22]. 
1.2.4.1. Cross-linked Polyacrylamide 
Due to their high sieving power, which provides single base resolution, cross-
linked polyacrylamide gels have been one of the most commonly used separation 
matrices for DNA sequencing, and are still widely used with slab gel electrophoresis. 
They are formed by the copolymerization of acrylamide, a water-soluble monomer, 
with a cross-linking agent to form a three-dimensional lattice (see Figure 1.13). The 
pore structures formed in the polymer network depend on the molecular weight and 
concentration of the monomer and cross-linking agents used in polymerization. The 
cross-linking agent of choice for most applications is N, N’-methylene bisacrylamide 
(BIS), which chemically bonds tangled chains of polymer to produce small pores. The 
polymerization is commonly initiated by ammonium persulfate (APS) and catalyzed 
by N, N, N’, N’-tetramethylethylenediamine (TEMED). Upon polymerization, a 
dense, cross-linked network of flexible polymer chains is formed, which have pore 
sizes ranging from a few nm up to about 20 nm [23]. This tight pore network is 
effective for high-resolution separations of DNA ranging from 6 base pairs to about 
1000 base pairs long, depending on the gel concentration and the level of cross-
linking. However, the use of the cross-linked gels in capillary showed some features 
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that were not compatible with high-throughput DNA sequencing, such as limited shelf 
life, and difficulties with preparation and operation. Therefore, they are less 
commonly used today.  
 
Figure 1.13. Formation of cross-linked polyacrylamide gel.   
 
1.2.4.2. Linear Polyacrylamide 
Since the first introduction of replaceable, ultra-high-molar-mass Linear 
Polyacrylamide (LPA) matrices by Karger et al. [24-28], LPA has been the matrix of 
choice for high-throughput DNA sequencing. LPA gels can be formed by 
polymerizing acrylamide in the same way as for cross-linked polyacrylamide, except 
with no cross-linking agent present. These linear polymers possess high sieving power 
owing to physical entanglements of the polymer chains and they are not as rigid as 
cross-linked polyacrylamide. Therefore, they can be easily replaced in the capillary 
after each run. LPA possesses a few very desirable properties, particularly its high 
 28
hydrophilicity and excellent DNA separating ability. The first DNA sequencing by CE 
with replaceable linear polyacrylamide reported a read length of 350 bases from an 
M13 template in 30 minutes [28]. Recently, Karger and co-workers reported an 
improved sequencing read length of 1300 bases in 2 hours by using an LPA mixture 
composed of 0.5% w/w 270 kDa and 2% w/w 17 Mda [26] based on their previous 
result of 1000 bases in less than 1 hour [25]. Although numerous types of water-
soluble, high-molar-mass polymers have been investigated for sequencing 
applications, LPA is still the most widely accepted for high-performance DNA 
sequencing on microchips [29-32]. However, in most cases when using LPA, an extra 
wall coating procedure is required to minimize the electroosmotic flow and analyte-
wall interactions.  
1.2.4.3. Other Polymers 
Numerous replaceable gels, including some polymers which possess self-
coating properties such as poly-N, N-dimethylacrylamide (PDMA) [33], 
polyethyleneoxide (PEO) [34, 35] and polyvinylpyrrolidone (PVP) [36] have been 
developed and reported for DNA sequencing. Their favorable self-coating abilities 
eliminate the redundant procedures typically required for LPA, which reduces material 
cost and make them very attractive for automated DNA sequencing.  
PDMA and PVP are low-viscosity polymers and they provide moderate 
separation efficiencies under optimum gel compositions. The main obstacles for the 
routine use of PVP in DNA sequencing are the large mobility shifts of fluorescently 
labeled DNA fragments observed in this matrix [36]. PEO is another self-coating 
polymer, but it requires surface pre-treatment with HCl prior to electrophoresis. Its 
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performance increases with lower separation voltages and longer separation distances. 
Therefore, the analysis times are typically longer. Barron and co-worker created the 
concept of “nanogel” by incorporating a low percentage of cross-linker in high-molar-
mass LPA. The small amount of cross-linker localizes the cross-linking and keeps the 
flowing ability of LPA [37]. It has been reported that it provides 18% longer read 
length in sequencing than a matched LPA counterpart.  
High-molar-mass LPA provides excellent sequencing performance in capillary, 
but its high viscosity and lack of intrinsic wall-coating ability make it unsuitable on 
microchips. The high viscosity impedes the on-line replenishment of polymer into 
microchannels and necessitates the application of a significant amount of pressure to 
pump the matrix through. The search for an ideal polymer matrix for chip-based 
sequencing continues. To address the problems raised by high viscosity of many 
sieving polymers, sieving matrices with “built-in thermal viscosity switches” were 
explored [21, 22]. These polymers can be easily pumped into channels at room 
temperature; their sieving properties are activated at temperatures above 40°C, where 
higher resolution and faster separation are achieved. Such formulation have already 
produced impressive sequencing separations in capillaries [38], and they are expected 
to be suitable on the  microfabricated devices for high-throughput sequencing [22]. 
1.3. Detection Methods for DNA Sequencing 
1.3.1. Autoradiographic Detection 
Following the electrophoretic separation of DNA sequencing fragments, they 
need to be detected and identified. The earliest sequencing relies on autoradiography 
as detection. In this method, sequencing fragments generated by Sanger sequencing 
 30
reactions are made radioactive through incorporation of either a phosphorus (32P, 33P) 
or sulfur isotope (35S) on the primer or the dideoxynucleotide. Each base is loaded 
onto a different lane of gel.  After the electrophoresis has been run, the gel is dried and 
then situated on an x-ray film. The film is then developed and dark bands appear 
displaying where DNA resides. The DNA bands are then manually read from this film 
to reconstruct the sequence. This approach involves the use of radioactive materials, 
cumbersome steps of film developing and manual analyzing. The low production rates 
as well as the low accuracy make radiographic detection impractical for large-scale 
genome sequencing, such as the human genome. It has receded from the field as 
fluorescence detection has become a successful method for sequencing.  
1.3.2. Fluorescence Detection  
Since the first demonstrations of the use of fluorescence tags to label DNA 
oligonucleotides [39-42], fluorescence detection has been accepted as the predominant 
detection protocol in DNA sequencing. It has allowed DNA sequencing to be 
performed in an “automated” fashion with base calling performed during the gel 
separation. In this method, Sanger sequencing fragments terminated with different 
bases are fluorescently labeled. Following gel electrophoresis, the individual 
components are identified based on unique properties of the fluorescent dyes used to 
tag each of them. Fluorescence detection possesses high sensitivity, intrinsic 
simplicity and the ability to perform on-line detection. More importantly, multiplexing 
capabilities, which allow multiple tracks of information to be processed in a single 
lane, allow high throughput applications. In addition, the recent focus on miniaturizing 
the separation platforms onto planar chips for sequencing has placed severe demands 
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on detection due to the smaller sample injection volumes. Fluorescence-based 
sequencing instrumentation and strategies as well as a variety of fluorescent dyes used 
for gel-based DNA sequencing strategies will be described in Chapter 2.   
1.3.3. Dye-primer/Dye-terminator Sequencing Chemistry 
  Fluorescence-based DNA sequencing can generally be divided into two 
categories: dye-primer or dye-terminator sequencing. This categorization is based on 
the position of where the fluorescent dyes are attached to the substrates used for 
sequencing, either the oligonucleotide primer or the dideoxynucleotides (i.e., 
terminators). 
In dye primer sequencing, four fluorescent dyes are attached to each 
sequencing primer and four separate sequencing reactions are carried out. Each 
reaction contains one dye-labeled primer, four dNTPs and a particular ddNTP. Dye-
primer chemistry is widely used in various sequencing applications due partly to the 
fact that dye-labeled primers are typically less expensive compared to dye-labeled 
terminators. Also, in most sequencing, small pieces of DNA (1-2 kbp in length) are 
cloned into M13 vectors for propagation. The M13 vectors have a known sequence 
and can serve as ideal priming sites. However, dye-labeled primers do present some 
disadvantages. For example, the sequencing reactions must be run in four separate 
tubes during polymerization and then pooled prior to the gel electrophoresis. In 
addition, unextended primer can result in a large electrophoretic peak with high 
fluorescence intensity at the beginning of the trace, which often masks the bases close 
to the primer-annealing site and makes them difficult to be called.   
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In dye-terminator sequencing, the fluorescent dyes are attached to the 
dideoxynucleotides (ddNTPs). Sanger sequencing reactions are run using unlabeled 
primers, four dNTPs and four fluorescently-labeled ddNTPs, with each ddNTP labeled 
with a unique reporter (dye). The primary advantage of using dye-labeled terminators 
is that the sequencing reactions can be performed in a single reaction tube, which 
reduces reagent consumption and minimizes sample transfer steps. Dye-labeled 
terminators also can be appealing in certain applications, for example, when using 
primer-walking strategies [43-45]. In primer-walking, the sequence of the DNA 
template is initiated from a common priming site by using a primer that is 
complementary to that site. After reading the sequence at that site, the template is 
subjected to another round of sequencing, with the priming site occurring at the end of 
the first read. In this way, a long DNA can be sequenced by walking down the 
template. Dye terminators are particularly attractive in primer-walking strategies since 
primer sequence changes frequently and the use of unlabeled primers simplifies the 
synthetic preparation of these primers. Additionally, in many cases dye terminators 
improve the quality of sequencing data since the excess terminators can be easily 
removed prior to electrophoresis and as such, give clean gel reads free from intense 
primer peaks. However, many polymerase enzymes are very sensitive to the type of 
dye attached to the ddNTP, which can produce uneven peak heights (broad 
distribution of fluorescence intensities) during electrophoresis. Uneven peak heights 
are due to differences in incorporation efficiency of the dye-modified ddNTPs by the 
particular polymerase enzyme. In addition, the labeling of ddNTPs can be quite 
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expensive. In dye-primer chemistry, this disparity is absent due to the large 
displacement of the dye from the polymerization site [46]. 
The instrumentation that can be used for dye-terminator reads can also be used 
for dye-primer sequencing as well. The difference rests in terms of the sample 
preparation protocols and the software corrections required for the sequencing data, 
such as different mobility-correction factors. Using dye-terminator chemistry, a 
purification step is necessary following DNA polymerization to remove excess dye-
labeled terminators because they are negatively charged and can mask the sequencing 
data embedded within the trace. This can be efficiently accomplished using size 
exclusion columns and/or a cold ethanol precipitation step. 
1.4. DNA Sequencing Instruments 
Numerous designs and improvements have been made towards developing 
comprehensive instruments that are capable of fast, automated and high-throughput 
DNA sequencing. Three generations of DNA sequencers differing in their separation 
platforms will be summarized in this section. 
1.4.1. Slab Gel Sequencer 
DNA sequencing was initially performed using slab gels, in which up to 96 
lanes could be run simultaneously with loading volumes in the tens of microliters. 
Products of sequencing reactions are manually loaded onto discrete lanes and run in 
parallel in a cross-linked polyacrylamide gel. Despite its reliability, slab gel 
sequencing is inherently slow and labor intensive (as described in section 1.2.2.1). It 
involves a series of tedious steps such as gel pouring, polymerizing and cleaning, and 
typically takes 6-8 hours to read 600-800 bases. While a number of improvements in 
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slab gel electrophoresis have occurred, including the use of thinner gels [47, 48], gel 
gradient systems [49], gel-to-plate binders [47], etc., relying solely on slab gel 
technology was not enough to accomplish the challenges set by the Human Genome 
Project.  
At an early stage of the Human Genome Project, slab gel technology was the 
workhorse and made significant contributions. Typical commercially available slab 
gel DNA sequencers included the ABI PRISM 377 DNA analyzer from Applied 
Biosystems (Foster City, CA), ALFexpressTM and SEQ 4x4TM from Amersham 
Biosciences (Piscataway, NJ) and NEN global IR2 series from LI-COR.  
1.4.2. Capillary-based Sequencing Instruments 
With the success of capillary-based separation technologies and the desire of 
increased automation, capillary-based instruments have become the second generation 
sequencing instruments. Since it was first introduced by Karger for DNA separation, 
the fused silica capillary has proven to be a viable alternative format to slab gel 
electrophoresis [50]. It can dramatically increase the speed of DNA sequencing and 
system automation. With the introduction of new polymers and sequencing 
chemistries, it also offers longer sequence read-lengths.  
Swerdlow and Gesteland first reported separation of DNA sequencing 
fragments by CE with a laser-induced fluorescence detector in a single spectral 
channel [51]. Lloyd Smith and colleagues reported the first high-speed CE system for 
four-color DNA sequencing [52]. They used four differently fluorescent-labeled 
primers to generate the sequencing fragments. The capillary electrophoresis apparatus 
employed an argon ion laser operated in a multi-line mode to illuminate the sample 
 35
with 488 and 514 nm lines. A set of beam splitters was used to direct the fluorescence 
to four photomultiplier tubes (Figure 1.14B). Using the same dye set, Dovichi and 
colleagues demonstrated a four-color CE system for DNA sequencing using a LIF 
construction possessing only one detection channel, which equipped with a filter 
wheel to discriminate four color fluorescence emission. Two laser beams (488 nm and 
543.5 nm) were sequentially focused onto the capillary, exciting the four fluorescent 
labels. The four-stage filter wheel was synchronized to a sector wheel situated in front 
of the two lasers. The synchronization was set to pass 488 nm excitation for two dyes 
and simultaneously place the bandpass filters for these two dyes in the optical path. 
When the 543 nm laser light was passed, the filters for the other two dyes were 
situated within the optical path. The diagram of the design is shown in Figure 1.14A. 
Gesteland and co-workers reported another single capillary sequencing apparatus 
(Figure 1.14C) [53]. They used a spectrograph and charge-coupled device (CCD) 
camera to resolve fluorescence from the four dyes. With no moving parts, the CCD-
based system demonstrated improved wavelength selectivity and sensitivity compared 
to PMT-based systems. Following that, Karger and co-workers also reported using an 
intensified diode array for four-color DNA sequencing [54]. Other capillary-based 
sequencing instruments with emphasis on the fluorescence detection strategies will be 
discussed in Chapter 2. Commercial single-capillary instruments such as ABI 
PRISM 310 Genetic analyzer has been introduced based on the early innovations in 
capillary electrophoresis.  
To achieve high-throughput production of DNA sequencing information for 
CGE, parallel sample processing in multiple capillaries, termed capillary array 
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Figure 1.14. Schematic of single-capillary-based DNA sequencing instruments. (A) A 
rotating filter wheel based, 4-color CE system. A sector wheel alternately blocks each 
laser beam and the two filter wheels are synchronized through stepper motors with a 
controller. (B) Four-color DNA sequencer with a set of beam-splitters and interference 
filters to divert fluorescent light onto four different photomultiplier tubes. (C) Charge-
coupled device based sequencer. Spectral information is dispersed along one axis of 
the CCD and spatial information is dispersed along the orthogonal axis.  
 
electrophoresis (CAE), has been introduced. Intensive research carried out around the 
world to develop comprehensive CAE instruments has led to the realization of high-
throughput, high-performance automated DNA sequencers. For example, the most 
powerful, production-scale capillary array sequencers, the ABI PRISM 3700 from 
PE Biosystems (Foster City, CA) and the MegaBACE 1000 from MolecularDynamics 
(Sunnyvale, CA), are based upon the work of Kambara [55, 56] and Mathies [57, 58], 
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respectively. The throughput for these instruments is 96 samples per run for 
convenient mating with a 96-well microtiter plate. Sample loading, sieving matrix 
replacement, electrophoresis, data collection, and base calling are all automated, so 
that the instrument can run more than 24 hours without intervention. The successful 
development of the 96-capillary CAE instruments greatly contributed to the early 
completion of the Human Genome Project. The throughput of a slab gel machine was 
at a rate of ~600 bases/hour when the Human Genome Project began [41]. Today, an 
automated CAE sequencing instrument for production-scale sequencing allows 
processing 50,000 to 60,000 bases of sequence information in only a few hours. Other 
capillary array based sequencers with medium-high throughput that are suitable for 
small-scale experiments have also emerged in the market and have proven to be 
robust. Examples are ABI PRISM 3100 featured with 16 capillaries and a CEQ 
series product from Beckman Coulter with 8 capillaries.  
1.4.3. Microchip-based Sequencing Instruments 
While capillary electrophoresis has been labeled as “gold standard” for 
replacing the slab gel machines used for the Human Genome Project, microchip-based 
sequencing has the potential of furthering the advances in speed and throughput. For 
the past 11 years since the first DNA separation performed on microfabricated devices 
[59], significant progress has been made in using those microchips for fast DNA 
sequencing. The increase in throughput using microchips has been realized not only by 
speeding up individual runs but also by implementing array formats on a single chip. 
Small volumes of sample and reagent (pL-nL) associated with microchips are 
beneficial in terms of cost and analytical throughput, but pose constraints on the 
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detection methods. Thus, majority of work on microchips still utilizes LIF detection 
protocols due to their high sensitivity.  
Woolley et al. first reported DNA sequencing on a glass microchip [18]. 
Following that, several groups have optimized sequencing conditions and throughput 
performed in a single micro-CE channel [29, 30, 32]. Salas-Solano et al. described the 
use of an 11.5 cm single channel device for DNA sequencing. The influences of LPA 
concentration, composition, temperature and field strength were studied. Under 
optimized conditions, the device delivered a sequencing performance of 580 bps at 
98.5% accuracy in ~30 min. The faster separation times for these experiments 
compared very favorably with the separation times (>1 hour) obtained with 
commercial CAE instruments. In another work, Liu et al. reported sequencing up to 
600 bases in 20 min by using a 4% LPA gel on a 7-cm-long channel.  
Despite the shorter separation times typically provided by the microchips, a 
single-channel microchip cannot match the throughput of CAE instruments that are 
capable of separating hundreds of samples simultaneously. Fortunately, one of the 
most attractive features of the microfabricated devices is their ease of being fabricated 
with intricate, ultra-dense channel arrays formats, free of complicated multi-capillary 
array assembling. The first microchip array work reported on carrying out DNA 
genotyping in a 12-channel microchip [60]. The multi-channel chip was placed on a 
translation stage and the channels were repeatedly scanned by a stationary confocal 
fluorescence detector. A microchip array that possessed 16 channels for automated 
DNA sequencing was subsequently presented [61]. The 16 simple-cross channels were 
fanned out on a 100 mm diameter wafer. All channels converge on a common anode 
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reservoir but have their own cathode, sample, and waste wells. Scanning was carried 
out by a galvoscanner [62]. The system routinely yielded more than 450 bases (≥99%) 
in 15 min in all 16 channels. Peagel et al. further introduced a 96-lane µ-CAE DNA 
sequencing bioprocessor [63]. This high-density array microchip was designed with a 
radial layout and the channels were folded several times in a serpentine manner to 
increase the effective separation length. The layout of the chip is shown in Figure 
1.15. It consists of 48 doublets, each containing sample wells, waste wells and a
        
                                     A                                                                     B 
 
Figure 1.15. The design of 96-channel micro-devices. (A) Lay-out of the 96-lane 
DNA sequencing microchip. (B) Layout of a single-pair channel as well as the 
expanded view of the injector and turn region. Each pair of channels features two 
sample reservoirs, common cathode and waste reservoirs. The turns are symmetrically 
tapered with a tapering length of 100 µm and a radius of curvature of 250 µm. 
 
common cathode at the center. Pinched turn geometry was incorporated to minimize 
turn-induced resolution loss [64, 65]. A rotary confocal fluorescence scanner was used 
to perform detection by scanning near the center of the device in a circular path. The 
scanner incorporated a stepper motor with a hollow shaft to pass through the laser 
beam and a rhomb prism to introduce 1 cm beam displacement from the rotation axis 
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(Figure 1.16). A performance of average 430 bases with 99% accuracy in 95 
successful channels was achieved. All 96-lane µ-CAE device produced ~41,000bases 
(≥99% accuracy) in 24 minutes. With these results, the authors predicted that µ-CAE 
devices would represent the next generation of DNA sequencing technology.  
 
Figure 1.16. Schematic of 4-color rotary confocal fluorescence scanner. The laser 
beam passes through the hollow shaft of a stepper motor, displaced 1 cm by a rhomb 
prism, and focused into the microchannel by an objective lens. Fluorescence is 
collected by the same objective and passed through the dichroic beam splitter to the 4-
color detection system. 
 
The radial design was further advanced with the presentation of a 384-lane µ-
CAE microplate for genotyping applications [66]. Recent efforts in increasing sample 
capacity have led to the emergence of a 768-lane microchip-based DNA sequencing 
system [67]. By using large-area microchips, with a dimension of 25 cm × 50 cm and 
channel lengths ranging from 37-45 cm, sequencing read-length on a microchip was 
 41
enhanced, but at the cost of the analysis time. The question that can be raised here is, 
can the sample capacity be even larger on the microchips? The answer would be “no”. 
The lane spacing, injector size as well as the detection format will ultimately limit that 
number. Larger plates may resolve these constrains but lose the meaning of “micro”. 
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CHAPTER 2. MULTIPLEXED FLUORESCENCE DETECTION FOR DNA 
SEQUENCING 
 
2.1. Theory of Fluorescence 
 Luminescence refers to light emission that involves a radiative transition 
whereby a molecule lowers its energy by emission of photons. Luminescence is 
categorized as fluorescence and phosphorescence based on the multiplicity of the two 
energy levels involved in radiative deactivation from the excited state. If the electron 
in the higher energy level is paired (has the opposite spin orientation) with the second 
electron in the lower orbital, referred to as an excited singlet state, the emission is 
immediate and the process is called fluorescence. In contrast, if the spin states of two 
electrons in the two energy levels are unpaired, referred to as a triplet state, the 
luminescence phenomenon is known as phosphorescence.  
An energy-level schematic, known as the Jablonski diagram, is typically used 
to illustrate the light absorption and emission process (Figure 2.1). The energy levels 
of the fluorophore are represented by horizontal lines. At each of the electronic energy 
levels, the fluorophores can exist in a number of vibrational energy levels. The lowest 
line represents the ground electronic state, So. The lowest energy of the excited singlet 
state is represented by S1, whereas T1 is the lowest level of the excited triplet state. The 
transitions between states are depicted as vertical lines. Upon excitation, fluorophores 
in the ground state absorb a photon and jump to higher vibrational energy levels of the 
electronically excited singlet state, S1 or S2. The excitation photons are supplied by an 
external source, such as an incandescent lamp or a laser. Following light absorption, 
several processes usually occur. Most molecules in the excited vibrational level 
rapidly relax to the lowest vibrational level of S1. This process is known as internal 
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conversion and generally occurs in 10-12 s. Fluorescence is observed as the 
electronically excited molecules return to the ground state and emit photons. The 
emission rates of fluorescence are typically 108 s-1, therefore a typical fluorescence 
lifetime is near 10 ns [68]. Molecules in the excited S1 state can also undergo a 
conversion to the triplet state, called intersystem crossing. Radiative emission from T1 
is termed phosphorescence. Not illustrated in the Jablonski diagram are other factors 
including solvent effects, solvent relaxation, quenching, and a variety of excited state 
reactions that also compete with the fluorescence emission.  
 
Figure 2.1. Jablonski diagram. Block energy diagram showing the various radiative 
and nonradiative processes that occur for a molecule upon the absorption of a photon 
of light. 
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2.1.1. Quantum Yields 
For a given population of molecules in an excited state, not all will return to 
the ground state by a radiative process. The fraction of molecules in the excited state 
that return to the ground state via fluorescence emission is referred to as the quantum 
yield efficiency, Φf. In its most fundamental representation, the fluorescence quantum 
yield is simply the ratio of quanta of light emitted to quanta of light absorbed. The 
emissive rate of the fluorophore (Г) and the rate of radiationless decay to S0 (knr) both 
depopulate the excited state. The quantum yield is then given by; 
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where Γ is the rate of deactivation via fluorescence and knr is the rate constant for all 
other deactivation processes. The radiationless decay processes include internal 
conversion, vibrational relaxation, intersystem crossing, and collisional quenching. 
The quantum yield can be close to unity if knr<<Г; that is the radiationless rate of 
deactivation is much smaller than the rate of radiative decay.  
2.1.2. Fluorescence Lifetime 
The fluorescence lifetime is another characteristic parameter of a fluorophore 
in a given environment. It refers to the average period of time a fluorophore remains in 
the excited state prior to returning to the ground state. In general, the inverse of the 
lifetime is the sum of the rates that depopulate the excited state. It can be expressed 
by: 
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where Γ is the radiative rate constant (s-1), knr is the nonradiative rate constant (s-1), 
and km is the total decay rate (s-1). Upon excitation by an infinitely short pulse of light, 
an initial population (N0) of molecules in the excited state will result. The decay rate 
of the initially excited population is given by; 
)()()( tNk
dt
tdN
nr+Γ−=                                            (2.3) 
where N(t) is the number of molecules in the excited state at time t following the 
excitation, Γ is the emissive rate, and knr is the nonradiative decay rate. By integration, 
it results in an exponential decay of the excited-state population; 
τ/
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where τ is the fluorescence lifetime. Since the fluorescence intensity is proportional to 
N(t), Eq. (2.4) can also be written in terms of the time-dependent intensity I(t); 
τ/
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where I(t) is the intensity at time t; I0 is the intensity at t = 0. This equation represents 
the fluorescence intensity exponential decay. From this equation, the fluorescence 
lifetime can be determined either by measuring the time interval in which the 
fluorescence decays to 1/e of its initial intensity or by the slope of the plot of log I(t) 
versus t.  
2.1.3. Steady-state and Time-resolved Fluorescence 
Fluorescence measurements can be broadly classified into two types of 
measurements, steady-state and time-resolved. Steady-state measurements occur when 
the sample is illuminated with a continuous beam of light. Upon excitation, the 
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emission spectrum or intensity is recorded. Once the sample is exposed to light, steady 
state is reached almost immediately.  
Time-resolved measurements are used for collecting fluorescence decay 
information, for example, measuring the fluorescence lifetimes (τ) of the fluorophores. 
These experiments involve the excitation of molecules with a narrow pulse of light 
and the measurement of the time it takes for a fluorophore to relax to the ground state 
following the excitation. The intensity decay is recorded with a high-speed detection 
system, which permits measurements on the nanosecond timescale.  
There is a rather simple relationship between steady-state and time-resolved 
measurements. The time-dependent intensity of a fluorophore that displays a single 
exponential decay time (τ) is given by Eq. (2.5). The steady-state intensity (Iss) is then 
expressed by: 
ττ 0/
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Hence, the steady-state observation is simply an average of the time-dependent 
phenomena over the intensity decay of the sample. Whereas nanosecond time-resolved 
measurements typically require complex instrumentation, they provide abundant 
information at the molecular level, which otherwise would be lost during the time-
averaging process of steady-state measurements. The difference in the fluorescence 
decay times of fluorescent dyes provides a powerful discrimination feature to 
distinguish molecules of interest from background or other species. Moreover, the 
fluorescence lifetime value is a sensitive reporter of several physical and chemical 
properties, both of the molecule and its environment. 
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2.2. Measurement of Fluorescence Lifetimes 
There are two different methods for measuring fluorescence lifetimes, 
frequency-resolved and time-resolved. In frequency-resolved methods, also called 
phase-modulation techniques, the excitation source is intensity modulated at a high 
frequency, typically employing sine wave modulation. When the fluorescence sample 
is excited by the modulated light, the emission responds at the same modulation 
frequency, but with a time delay compared to the excitation with the phase delay 
related to the lifetime of the sample. This time delay is characterized by a phase shift, 
which is then used to calculate the fluorescence lifetime. In addition, the fluorescence 
lifetime can be measured from the intensity of the demodulated signal.  The ability to 
measure short lifetimes depends on the frequency of the modulation and the efficiency 
of the phase-sensitive measuring electronics.  
  In the case of time-resolved fluorescence, the fluorophore is excited by a 
pulsed light source at a relatively high repetition rate. The time duration of the light 
pulse needs to be as short as possible, preferably much shorter than the fluorescence 
lifetime being measured. The emitted photons from the sample are time-correlated to 
the excitation pulse from which the lifetime can be determined. The decay function is 
monoexponential for a single fluorophore. Often however, the decay of fluorescence 
cannot be described by a first-order rate process because two or more species with 
different lifetimes are present. In those cases, the time dependence of the fluorescence 
decay can be written as a multiexponential decay curve in terms of an average 
relaxation time;  
∑
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where A is a pre-exponential factor, which describes the percent contribution of 
component N to the overall decay; t is time; τ is the fluorescence lifetime and N is the 
number of components comprising the decay. 
2.2.1. Principles of Time-correlated Single-photon Counting (TCSPC) 
At present, most time-resolved measurements are performed using the time-
correlated single photon counting (TCSPC) technique. The acquisition of fluorescence 
decay curves by means of TCSPC provides resolution, dynamic range and sensitivity 
that are superior to other methods due to its digital nature. In practice, it is done by 
histogramming arrival times of individual photons over many excitation and emission 
cycles. The arrival times recorded in the histogram are relative times between laser 
excitation and corresponding fluorescence photon emission. The basis of this 
measurement is that the fluorescence emission is a random event. If only a single 
photon is emitted, the probability of this emission at various times is the same as the 
time-resolved decay for a large number of photons. Due to the photon counting 
statistics, it requires a large number of cycles to collect the histogram, from which a 
fluorescence lifetime can be calculated.  
A typical TCSPC device consists of a pulsed excitation source, a fast detector, 
and timing electronics that include a constant fraction discriminator (CFD), an analog-
to-digital converter (ADC), a time-to-amplitude converter (TAC), and a multi-channel 
analyzer (MCA). A block diagram is shown in Figure 2.2. 
The sample is repetitively excited by a pulsed light source. Each pulse starts 
the voltage ramp of the TAC, which increases linearly with time. When the first 
fluorescence photon from the sample is detected, the voltage ramp is stopped. CFDs 
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are used to ensure that the timing definition of the “start” and “stop” pulses is 
independent of the signal pulse height and to remove random noise pulses resulting 
from background photons. The TAC then contains a voltage, which is proportional to 
the time difference between the start and stop signals; that is the time difference 
between the fluorescence excitation and emission. This voltage is converted to a 
digital signal using an analog-to-digital converter and then this event is stored and 
placed in the appropriate time channel of the MCA. This procedure is repeated until a 
large number of photons have been detected. A statistical histogram is then 
constructed that represents the decay profile of the fluorophore. Following the 
construction of the decay curve, a calculation algorithm is applied to the decay to 
extract the fluorescence lifetime. The shortest lifetime that can be measured reliably 
by this method is determined by the response time of the instrument (Instrument 
Response Function, IRF), which depends on the width of the excitation pulse, the 
spread of the travel times of photoelectrons in the photon detector, and the jitter in the 
measuring electronics. The IRF can be deconvolved from the collected decay profile 
using a deconvolution algorithm to provide a more accurate representation of the 
fluorescent lifetime. Advantages of using TCSPC include the well-documented 
statistics for which the precision and other parameters can be easily calculated. In 
addition, the use of time-resolved methods allows for the use of time-gated detection 
in which background photons, which are coincident with the laser pulse (scattered 
photons), can be gated out electronically improving the signal-to-noise ratio in the 
measurement. However, TCSPC typically shows a limited dynamic range due to pulse 
pile up effects at high counting rates. 
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Figure 2.2. Block diagram of a time-correlated single photon counting instrument. 
CFD, constant fraction discriminator; TAC, time-to-amplitude converter; MCA, multi-
channel analyzer. 
 
2.2.2. Instrumentation of TCSPC 
The main criteria for determining the overall system performance of the 
TCSPC system are the timing resolution and the sensitivity of the device. These 
characteristics depend largely upon the performance of the individual components that 
comprise the device. The effective use of TCSPC requires understanding of these 
various components and their functions. 
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2.2.2.1. Light Sources 
Time-resolved measurements require a pulsed light as the excitation source 
and it can be provided by one of the following: a laser, a flash lamp or a synchrotron 
source. The first two are the most commonly used. Laser sources are excellent means 
for generating pulses that are highly reproducible. The formation of a pulse by a laser 
is produced by a process known as mode-locking. There are two ways to mode-lock a 
laser, either by passive or active mode-locking. Passive mode-locking involves the 
addition of some material or mechanism within the laser cavity that automatically 
opens to allow light pulses through and subsequently closes. Active mode-locking 
involves the addition of an optical shutter within the laser cavity. The shutter is opened 
and closed precisely at a rate to allow a pulse of light to pass through. The mode-
locked laser systems typically employed in TCSPC are primarily dye lasers, 
Ti:sapphire pumped by an argon ion lasers or Nd:YAG lasers. The advantages of these 
laser-based systems are high repetition rates (MHz) and high pulse intensity (mW-W), 
which are several orders of magnitude higher than are obtained with flash lamps. The 
pulse profile is also extremely stable, routinely ~5 ps, and spectrally pure. The 
drawbacks of such large-frame laser systems are the high expense and the complexity 
of operation. They require extensive maintenance and considerable experience to run 
in daily work. 
Recent advances in pulsed semiconductor diode lasers have made it a superior 
option as light source in TCSPC.  The advantages of these diode lasers are their low 
cost, relatively high power, stable output, and long lifetime. Although originally 
limited to near-infrared emission for optical fiber communications, these devices are 
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now available in a wide range of wavelengths. Imasaka et al. were the first to 
demonstrate the use of diode lasers for single-photon counting fluorescence lifetime 
measurements in a study of polymethine dyes [69]. There has been an increasing 
interest in using the laser diodes for the production of short pulses. While it is not 
practical to provide a complete description of semiconductor physics in this document, 
a brief lasing concept will be provided since the experiments in this document have 
utilized diode lasers.  
Diode lasers use a semiconductor material, such as gallium-arsenide, as the 
gain medium for light production. Laser action (the resultant monochromatic and 
coherent light output) can be achieved in a p-n junction formed by two semiconductor 
layers. Electrons flow from the electron rich n-type semiconductor to the p-type 
semiconductor until equilibrium is reached between the two materials. The application 
of an external voltage source induces a current in the semiconductor and subsequently 
disrupts the equilibrium condition. Above a certain current threshold, the photons 
moving parallel to the junction can stimulate emission and initiate laser action. The 
output wavelength is dictated by the band gap energy, which in turn is determined by 
the properties of the semiconductor material and the devices’ physical structure. 
Figure 2.3 shows a typical configuration for a common low power edge 
emitting laser diode. The two reflective ends are the mirrors that form the diode laser's 
resonant cavity. They need to be optically flat and parallel. Due to the change in the 
index of refraction at the boundary between the crystal and the surrounding air, these 
parallel surfaces act as mirrors that bound the diode laser cavity. A p-n junction 
constructed in this manner can support lasing when the cavity length is equal to a half-
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integral number of wavelengths. However, a disadvantage of diode lasers is that the 
beam-shape is elliptical due to the longitudinal separation between the diode laser’s 
emission points, caused by the directional dependence on the refractive index of the 
lasing cavity. 
 
Figure 2.3. A typical configuration of an emitting laser diode. 
 
The diode lasers used in the studies reported in this document are actively 
mode-locked Gallium-Aluminum-Arsenide (GaAlAs) lasers and they are driven by an 
electrical short-pulse generator, which supplied high repetition rate current pulses (up 
to 80 MHz) with a FWHM of 500 ps and the output optical pulses approximately 100 
ps (FWHM). 
2.2.2.2. Detectors 
 A detector is of particular importance in performing time-resolved 
measurements. Fast rise times and high gains are generally desirable. A detector for 
TCSPC also needs to have a low timing dependence on wavelength, a low timing 
jitter, low noise, and a wide spectral range. It is these characteristics of a detector that 
determine the overall timing response of the TCSPC instrument. Three classes of 
detectors meeting these criteria are available for single-photon timing measurements. 
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They include photomultiplier tubes (PMTs), microchannel plate photomultipliers 
(MCP-PMTs) and avalanche photodiodes. Each type has its own virtues and 
drawbacks. PMTs are probably the most widely used detectors in TCSPC due to their 
sufficient gain and their short rise times. But MCP-PMTs have gained much attention 
because of their extremely fast impulse response and the absence of timing artifacts. 
They provide 10-fold shorter pulse widths compared to PMTs and display lower-
intensity after-pulses. However, the current-carrying capacity of an MCP-PMT is less, 
resulting in a limited dynamic range. In addition they have limited lifetimes and the 
cost is high. Avalanche photodiodes with single-photon timing capability offer low 
cost and timing response as fast as MCP-PMTs. Single-Photon Avalanche Diodes 
(SPADs) are the detector of choice in this work and will be the focus in the following 
discussion. They offer a combination of high speed and high sensitivity and single 
photon detection efficiencies (quantum efficiencies) at wavelength > 400 nm 
unmatched by PMTs. 
  SPADs are semiconductor-based electronic devices formed on the basis of 
avalanche photodiode technology. Avalanche photodiodes are semiconductor 
junctions operated under a reversed bias voltage. They internally amplify the 
photocurrent by an avalanche process. Reverse bias refers to a situation in which the 
voltage applied across the active region pulls the charge carriers away from the 
junction. A charge-free region (a depletion region or drift zone) is then created, which 
behaves as an insulator, so that almost no current is flowing through the device. Under 
this condition, a large electric field can be generated. The electrons initially generated 
by the incident photons accelerate as they move through this electric field. When the 
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electric field reaches values in excess of 105 volts/cm, the energy acquired by the 
electrons is sufficiently high so that when they scatter against lattice atoms, the energy 
transferred leads to ionization of the atoms. This is the so-called “impact ionization”. 
This process results in the generation of a cascade of electrons, which is an avalanche-
like multiplication process. It is through this gain process that SPADs are able to 
analyze single photons. SPADs differ from conventional photodiodes in that the 
electric field profile is tailored to optimize the avalanche multiplication. Impact 
ionization is a strong function of the electric field and, as a result, the gain is a 
function of the bias voltage applied to the detector. At the breakdown voltage, the gain 
tends to go asymptotically to infinity. Thus, if the detector is operated above the 
breakdown voltage, even a single electron will result in the generation of a large 
current. This is critical in the cases where signals are very weak and often only a 
single photon, and thus a single photoelectron, is available. To detect that single 
photoelectron, it is important that the gain can be as high as possible, the limit being 
the infinity gain. Quenching is performed by sensing the onset of the avalanche. The 
sensing circuit sends a signal to both the quenching circuit to lower the bias voltage 
below breakdown and to the output circuit. The output circuit translates the signal to a 
Transistor–Transistor Logic (TTL) pulse, which is compatible with many digital data 
acquisition systems. After all charges have vacated the drift region, the reset circuit is 
activated, and all components, including the detector, are reset to their original state to 
be ready for the next photoelectron. The entire quenching and reset process is known 
as the “dead time” of a detector and takes about 50 nanoseconds.  
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 Typical semiconductor materials used in the construction of SAPD include 
silicon (Si), indium gallium arsenide (InGaAs), and germanium (Ge). Silicon-based 
SPADs used in this work exhibit high quantum efficiency in the near-infrared region. 
The high sensitivity and fast response time combined with multiplication capability 
make them an excellent choice for TCSPC experiments.  
2.2.2.3. Electronics  
The output signals from a photon transducer must be processed prior to data 
recording and analyzing. The timing electronics in TCSPC are the major components 
to process such signals. 
 A discriminator is one of the key elements in any TCSPC system. It is a unit 
that makes single-photon-counting essentially insensitive to noise and drift problems. 
The output from the photon detector consists of a distribution of various pulse heights, 
including those generated by photon events and dark noise from thermally excited 
electrons. A discriminator is required to differentiate these events and provide the 
TAC with a timing definition that is independent of the photodetector pulse shape and 
height and also discriminates against low-amplitude noise. That is, if the input signal 
to the discriminator is below a specified threshold level the signal is completely 
ignored; an input signal greater than the threshold level is recognized, causing the 
discriminator to produce an output pulse. The signal discrimination can be achieved by 
a number of methods. A constant Fraction Discrimination (CFD) offers a good way 
for minimizing time jitter from single photoelectron pulses of different amplitude. 
Figure 2.4 shows the principle of constant-fraction discrimination. The basic idea is to 
split the signal into two parts. One part of the signal is delayed by about half of the 
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pulse width and the other part is inverted. When these two parts are recombined, the 
zero crossing point is used as the timing point, which is constant and independent of 
the pulse height. The optimum discrimination level will be a compromise between 
acceptance of more single photon pulses and rejection of dark noise.  
 
Figure 2.4. Schematic of a constant fraction discriminator in TCSPC [68].   
 
 The principle of timing with a Time-to-Amplitude Converter (TAC) has 
already been explained in Section 2.2.1. The TAC, basically a capacitor, is the heart of 
the TCSPC method. It can be considered as a very fast stopwatch measuring the time 
difference between the excitation pulse and the first arriving emitted photon. It is 
accomplished by charging a capacitor linearly during the time interval between the 
start and stop pulses. The excitation pulse provides the start signal to charge the TAC 
and the stop discriminator tells it when to stop. The TAC generates an analog output 
pulse whose amplitude precisely represents the time that has elapsed between the 
receipt of the start and stop signals. It takes several microseconds to discharge the 
capacitor and reset the TAC for the next “start” pulse. In the case of using a high-
repetition rate laser source, the TAC will be overloaded due to continuous start pulses. 
It is usual to operate the TAC in a reverse mode to solve this problem [70, 71]. In this 
mode, the first photon detected from the sample serves as the start pulse, and the 
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excitation pulse serves as the stop signal. In this way the TAC is activated only if the 
emitted photon is detected.  
 The Multi-channel Analyzer (MCA) sorts the voltage pulses from the TAC and 
stores them at appropriate time channel bins. MCA consists of an analog to digital 
converter (ADC). The ADC measures the amplitude of the pulse from the TAC to 
determine into which of the “Time Slots” on the X-axis of the decay curve this 
particular photon should be recorded. It sends that “Time Slot Number” to the MCA as 
a digital channel number. Upon receiving the channel number, which is actually a 
memory address, the MCA adds one to the contents of that memory cell to record the 
fact that a photon was just detected at that specific time interval. The histogram 
constructed this way represents the measured intensity decay. Important aspects of 
MCA performance for TCSPC include a low dead time and high analog-to-digital 
converter (ADC) linearity.   
 The electronics for TCSPC are becoming less expensive and compact. Most of 
the components are now integrated on a commercially available PC board, as those 
used in the work presented in this document. 
2.2.3. Data Analysis 
After the fluorescence decay of a fluorescent dye is collected, a calculation 
algorithm needs to be applied to the decay to calculate the fluorescence lifetime of that 
fluorophore. In sequencing applications, which are the focus of this dissertation, the 
lifetime calculation is particularly important since accuracy in the base assignment 
depends directly on the lifetime differences between fluorophores in the dye set and 
the relative precision in the measurements. Algorithms used in this application are 
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required not only to calculate the lifetimes precisely even under the situation of poor 
photon statistics but also to have the ability to perform on-line measurements during 
the electrophoresis. A number of mathematical techniques have been used for 
extracting fluorescent lifetimes from the decay profiles.  
Non-Linear Least Squares (NLLS) is a most widely applied method for single-
photon counting data analyses. In an NLLS analysis, a model with assumed parameter 
values is compared to the experimental data. The comparison is made through the 
goodness-of-fit parameter, χ2, which is calculated from:  
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where N(tk) is the experimental data, n is the number of time channels used for the 
particular analysis, Nc(tk) represents the calculated values, and σ is the standard 
deviation of each data point. From Poisson statistics, the standard deviation is known 
to be the square root of the number of photon counts, 2/1)]([ kk tN=σ . Therefore, the 
relative uncertainty in the data decreases as the number of photons increases. The sum 
extends over the number of channels or data points used for a particular analysis. The 
value of χ2 is the sum of the squared deviations between the measured values N(tk) and 
the expected values Nc(tk), each divided by squared deviations expected for the 
number of detected photons. The pre-exponential factor and the fluorescence lifetime 
(τ) are changed iteratively to best match the calculated decay to the experimental data. 
This process is continued until χ2 reaches a minimum.  Advantages of NLLS analysis 
include its ability to deconvolve the IRF from the overall decay and provide a more 
accurate lifetime value, and the ability to analyze multiexponential decays. 
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Unfortunately, this algorithm is calculation intensive and it produces large errors in 
cases where photon statistics are poor. Moreover, it is more suitable for static 
measurements rather than dynamic (on-line) ones. 
Maximum Likelihood Estimator (MLE) and Rapid Lifetime Determination 
(RLD) are two algorithms that have been evaluated for their ability to perform on-the-
fly fluorescence lifetime determinations in CE [72]. These methods assume 
monoexponential behavior and require small amounts of computational time.  
MLE calculates the lifetime via the following relation [73]: 
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where m is the number of time bins within the decay profile, Nt is the number of 
photocounts in the decay spectrum, Ni is the number of photocounts in time bin i, and 
T is the width of each time bin. A table of values using the left-hand side (LHS) of the 
equation is calculated by setting m and T to the experimental values and using lifetime 
values (τf) ranging over the anticipated values. The right-hand side (RHS) of the 
equation is constructed from actual decay data over the appropriate time range. The 
fluorescent lifetime is determined by matching the value of the RHS obtained from the 
data with the table entry from the LHS. The relative standard deviations in the MLE 
can be determined using N-1/2. 
Fluorescence lifetimes are calculated using the RLD method by integrating the 
number of counts within the decay profile over a specified time interval and using the 
following relationship [74]: 
)/ln(/ 01 DDt∆−=τ                                             (2.10) 
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where ∆t is the time range over which the counts are integrated, D0 is the integrated 
number of counts in the early time interval of the decay spectrum, and D1 represents 
the integrated number of counts in the later time interval. Both the MLE and RLD 
methods can extract only a single lifetime value from the decay, which in the case of 
multiexponential profiles would represent a weighted average of the various 
components comprising the decay. 
Wolfrum and co-workers have also developed a special pattern recognition 
technique [75]. Basically, the method involves comparing a simulated decay pattern to 
the measured decay and searches for the pattern that best fits the measurement. This 
algorithm is equivalent to the minimization of a log-likelihood ratio, where 
fluorescence decay profiles serve as the pattern. Since the pattern recognition 
algorithm uses the full amount of information present in the data, it potentially has the 
lowest error or misclassification probability. 
2.3. Fluorescent Dyes for DNA Labeling and Sequencing 
A dye set for DNA sequencing is typically comprised of four dyes, with each 
one specific to a particular nucleotide base. An ideal dye set should possess the 
following properties: (1) Each dye in the set is spectroscopically distinct so as to be 
distinguishable. In most cases, the discrimination is based on differences in the 
emissive properties of the dye. The dyes should also be carefully chosen to minimize 
spectral leakage (cross-talk) among different detection channels. Other physical 
properties associated with the dyes, such as the fluorescence lifetime, can also be used 
to identify them. (2) The dye set should possess good photophysical properties such as 
high extinction coefficients and large quantum yields. These properties are necessary 
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to ensure high sensitivity and detectability. (3) The dye set should show favorable 
chemical stability at high temperatures. This is because typical Sanger sequencing 
reactions utilize multiple temperature cycles that include a 95°C denaturing step. 
Therefore, the dyes are required to have good thermal stability for extended periods of 
time. (4) Dyes within a set should produce minimal mobility shifts during the gel 
separation. The post-run mobility corrections can be very complex and involved. The 
mobility shift is not only dependent upon the dye and linker structure, but also upon 
the separation platform used. For example, dyes that show uniform mobility shifts in 
slab gel electrophoresis may not show the same effect in capillary gel electrophoresis. 
Uniform mobilities of all dyes are desired to alleviate the need for extensive post 
electrophoresis data corrections. (5) An ideal dye set should require minimum 
numbers of excitation sources (lasers) and detection channels and possess highly 
efficient excitation and detection. These properties dramatically simplify the 
instrumentation and the cost of the sequencer. (6) The dyes must not disrupt the 
activity of the polymerase enzyme. This is particularly an issue in dye-terminator 
chemistry, since the proximity of the dyes to the polymerase enzyme can dramatically 
influence its ability to be incorporated into the DNA chain. 
2.3.1. Visible Fluorescent Dyes  
Traditional dye sets used in many automated fluorescence-based DNA 
sequencers consist of a set of four dyes that have absorption and emission spectra in 
the visible region of the electromagnetic spectrum (400-650 nm). This is due primarily 
to the readily available excitation sources, such as Ar, He-Ne and Kr ion lasers, and 
the high photon detection efficiencies of detectors like photomultiplier tubes (PMTs) 
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in this region. Also, fluorophores that can be detected in the visible are readily 
available from various commercial sources. The initial set of four fluorescent dyes 
used for sequencing were introduced by Smith et al.[42]. These were fluorescein, 4-
chloro-7-nitrobenzo-2-1-diazole (NBD), tetramethyl-rhodamine, and Texas Red. The 
dyes were covalently attached to a sequencing primer. A set of interference filters, 
centered at 520 nm, 550 nm, 580 nm and 610 nm were was used to spectrally resolve 
the four dyes based on their emission maxima. The use of these four dyes allowed 
performing 4-color sequencing in a single gel lane that also provided real-time base 
calling and thus, increasing data throughput.  
Table 2.1. Spectral properties of the set of fluorophores used by Smith et al. 
 
Dye Absorption 
maximum (nm) 
Emission 
maximum (nm) 
Fluorescein 493 516 
4-choloro-7-nitrobenzo-2-1diazole (NBD) 475 540 
Tetramethyl-rhodamine 556 582 
Texas Red 599 612 
 
Following this work, alternative dye sets were synthesized and linked to 
primers for sequencing [39, 51, 53, 54]. Among them, the most commonly used dye 
set included carboxyfluorescein (FAM), carboxy-4’, 5’-dichloro-2’, 7’-
dimetoxyfluorescien (JOE), carboxytetramethyl-rhodamine (TAMRA), and carboxy-
X-rhodamine (ROX). FAM and JOE are Applied Biosystems trade-names for 
fluorescein-based dyes that can be excited by the 488 nm line from an argon ion laser. 
TAMRA and ROX are rhodamine-based dyes that can be excited by the 514.5 nm line 
from the argon ion laser. These dyes contain a carboxyl-group that can be converted to 
a succinimidyl ester for facile conjugation to amine terminated sequencing primers or 
terminators with appended primary amine groups. These dyes also possess fairly well 
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resolved emission profiles. Figure 2.5 shows the chemical structures of the 
FAM/JOE/TAMRA/ROX dye set and Figure 2.6 shows their emission spectra as well 
as the filter set that is used to isolate the emission from the dyes onto the appropriate 
detection channel. 
 
 
Figure 2.5. Chemical structures of the FAM, JOE, TAMRA and ROX dye series used 
for labeling primers or chain terminators for DNA sequencing. The functional group 
on each dye is a carboxylic acid, which readily be conjugated to a primary amine 
group appended to a sequencing primer or the nucleotide base used for chain 
termination (ddNTP). 
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Figure 2.6. The emission spectra of the FAM, JOE, TAMRA and ROX dye set and 
the filters (shadowed area) used to select the appropriate dye color and process it onto 
each detection channel [76].  
 
Another dye set, dipyrrometheneborondifluoride fluorophores (BODIPY) were 
shown to have better spectral characteristics than conventional rhodamine and 
fluorescein dyes [77]. The bandwidths of the fluorescence emission profiles for this 
dye set were less than those associated with the FAM/JOE/TAMRA/ROX dye set and 
therefore, introduced less spectral leakage between detection channels. These dyes 
also showed uniform electrophoretic mobilities, high fluorescence intensities and thus, 
consumed 30% less reagent per reaction compared to rhodamine or fluorescein-type 
dyes. However, a drawback associated with this dye set was their chemical 
instabilities when subjected to extended heating at high temperatures during thermal 
cycling. 
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One common problem associated with the aforementioned dye sets is that their 
absorption spectra are dispersed over a relatively large spectral range, which provides 
poor excitation efficiency even with dual-color laser systems (488 and 514 or 543 
nm). As a consequence, the red-dyes are usually used at higher concentrations during 
DNA polymerization. To overcome this problem without sacrificing spectral 
dispersion in the emission profiles to allow efficient identification, dye sets based on 
fluorescence resonance energy-transfer (FRET) have been introduced that can be used 
for four-color sequencing [78-82]. FRET uses nonradiative energy transfer from a 
donor dye, whose emission spectrum overlaps with the absorption spectrum of an 
acceptor dye. By employing FRET, a single donor dye with a broad emission spectrum 
can be used to excite a suite of acceptor dyes, thus requiring only a single laser to 
excite all of the acceptor dyes without sacrificing excitation efficiency. This system 
requires a donor/acceptor dye pair to label each of the four bases. The paradigm of 
FRET-based sequencing was introduced by Ju and co-workers using the 
FAM/JOE/TAMRA/ROX dye-set [78]. These FRET-constructs (shown in Figure 2.7) 
featured FAM as a donor attached to the 5’ end of the sequencing primer, and 
JOE/TAMRA/ROX acting as acceptors attached to an internal modified base (T*) that 
possessed a linker structure with a primary amine. The spacer size and the length 
between the donor and acceptor were optimized for energy-transfer efficiency and to 
provide uniform electrophoretic mobilities. Figure 2.7B shows the absorbance and 
emission profiles of the energy-transfer primer series. While the absorption spectra 
showed bands from both the acceptor and donor dyes, the emission profiles were 
dominated by fluorescence from the acceptor dyes. The emission intensity of the ET 
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                                            A                                                               B 
Figure 2.7. Structure of the FRET (ET) primers and their emission spectra. (A) 
Structures of four ET primers, F10F, F10J, F3T and F3R. The naming of these ET 
primers follows the convention: donor-spacer (number of bases)-accepter, where F = 
FAM; J = JOE; T = TAMRA and R = ROX (see Figure 2.5 for chemical structures of 
these dyes). (B) The absorption (dark line) and emission spectra for both the ET 
primers and the single-dye-labeled primers are shown for comparison. The number in 
parenthesis is the excitation wavelength used for collecting the emission profile [78].  
 
primers was found to be significantly higher than their single-dye primer counterparts 
when excited by 488 nm laser light. This translated into improved fluorescence 
sensitivity of these ET primers during electrophoretic sorting. Therefore, the major 
advantages of ET dye sets are that they can be efficiently excited by a single 
wavelength, producing stronger and more uniform fluorescence emissions. Other 
advantages of these ET primer sets are that their dye-dependent electrophoretic 
mobility shifts can be minimized by adjusting the linker structures and they require 
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smaller amounts of template in the sequence analysis compared to the single dye sets. 
Since publication of the work by Ju et al., the ET cassette has been optimized with 
different donor/acceptor pairs, varied spacing between the donor and the acceptor, 
various spacer chemistries, and improved primer sequences [81, 82].  
Efforts made in dye labeling technology have produced dye-conjugates that 
can be used with dye-terminator chemistry. The first dye-labeled dideoxy terminators 
were developed by Prober et al. in 1987 [41]. Further achievements have been made 
by translating the concept of ET dyes into dye-terminator protocols [46, 83, 84]. 
Impressive advances have been made in this field, the most notable of which are the 
DYEnamicTM dye sets from Amersham Biosciences and BigDyeTM dye sets from 
Applied Biosystems. With these improvements, performing cycle sequencing with 
energy-transfer terminators has become routine and yields sequencing data of high 
quality. 
While many successful sequencing experiments have been performed with the 
above-mentioned visible dyes, they are susceptible to some technical limitations. The 
primary limitation is the broad emission profiles associated with many of these dyes, 
which makes it difficult to discriminate among the four colors. The inability to 
correctly match each detected photon to its source creates an inherent background 
(cross-talk) in each detection channel, which limits the accuracy of the base-call 
during sequencing. A limited number of excitation sources in the visible region of the 
spectrum, the wide, overlapping emission spectra of the visible dyes, a high intrinsic 
background, and different electrophoretic mobilities of fluorescent dyes are all 
complicating factors that must be accounted for during DNA sequence reconstruction.  
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2.3.2. Near-IR Fluorescent Dyes 
Performing fluorescence experiments in the near-IR region (650-1000 nm) has 
some unique advantages [85]: (1) Background interference from impurity molecules in 
the sample matrix can be substantially reduced in the near-IR since very few 
biological molecules possess intrinsic fluorescence (autofluorescence) in this region. 
On the other hand, many biological compounds have autofluorescence in the visible 
region, which is difficult to reduce using optical filters without compromising the 
sensitivity of the measurement. As such, detection limits in the near-IR can be 
significantly improved. (2) Enhanced sensitivity can also be achieved through 
significant reduction of scattering effects. The amplitude of Raman or Rayleigh 
scattering is inversely proportional to the 4th power of the excitation wavelength (λ-4) 
[86].  As the wavelength of the excitation light increases, the efficiency of the Raman 
scattering decreases dramatically, thus decreasing the background signal. (3) With the 
availability of laser diodes and photodiode transducers, the instrumentation required 
for near-IR detection can be rather simple and inexpensive. These solid-state lasers 
and detectors can be run for extended periods of time while supplying ample power 
and requiring minimal maintenance or operator expertise. Semiconductor laser diodes 
are now available from 630 nm to longer wavelengths and can be operated either in a 
continuous or pulsed mode, allowing time-resolved fluorescence measurements as 
well. Moreover, most photodetectors, such as single photon avalanche diodes 
(SPADs), show high single photon detection efficiencies in the near-IR. Additionally, 
with the recent major push towards miniaturization of separation platforms, some 
aiming at portable systems, the compact size and low cost of these semiconductors 
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operated in near-IR provide the ability to build complete miniaturized systems. Table 
2.2 summarizes the comparison of a typical laser diode to an air-cooled argon-ion 
laser [87]. 
Table 2.2. An operational comparison of a far-red laser diode and argon laser as 
excitation sources for fluorescence [87]. 
 
 Laser diode Argon-ion laser 
Wavelength (nm) 785 nm 488 nm 
Life span >100,000  hr ~3000 hr 
Optical power output 20 mW 20 mW 
Power consumption 0.150 W 1800 W 
Replacement cost <$150 >5000 
 
All the above merits associated with near-IR fluorescence detection make it a 
very attractive alternative to visible fluorescence for DNA sequencing. In sequencing, 
the separation and detection occur within a highly scattering medium, the gel matrix. 
The reduced amplitude of scattering and the intrinsically lower backgrounds 
associated with near-IR fluorescence compared to the visible region allow ultra-
sensitive detection to be achieved. Several groups of researchers have explored the use 
of near-IR dyes for sequencing.   
The near-IR fluorophores that have been typically used belong to the cyanine-
class of dyes [88]. The most frequently employed are the dicarbocyanines or the 
tricarbocyanines. The carbocyanines consist of heteroaromatic structures linked by a 
polymethine chain containing conjugated carbon/carbon double bonds. The absorption 
and emission maxima can be altered by changing the length of this polymethine chain 
or changing the heteroatom within the heteroaromatic fragments. For example, 
dicarbocyanines show absorption maxima near 630 nm, while the tricarbocyanines 
show absorption maxima near 780 nm. These dyes have large extinction coefficients 
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and can be augmented with various functional groups to increase their solubility in 
water [89, 90]. However, these dyes have poor photochemical stabilities in aqueous 
media and relatively low fluorescence quantum yields, which result primarily from 
high rates of internal conversion [91].  
Near-IR fluorescence has been demonstrated in sequencing applications using 
slab gel electrophoresis, where the detection sensitivity has been reported to be ~2000 
molecules [92]. Willams and Soper demonstrated superior detection limits attainable 
using a tricarbocyanine dye for sequencing by CGE [85]. A direct comparison of 
detection limits between visible and near-IR excitation (488 nm and 780 nm) was 
made, by electrophoresing sequencing primers, one labeled with FAM and the other 
labeled with a near-IR dye. It was determined that the detection limits for these 
systems were 3.4×10-20 moles for 780 nm excitation and 1.5×10-18 moles for 488 nm 
excitation. The improvement in the limit of detection for the near-IR system resulted 
primarily from the significantly lower background observed in the near-IR, in spite of 
the fact that the fluorescence quantum yield of the near-IR dye was far lower than that 
of the FAM dye.   
Strekowski et al. reported the synthesis of several heptamethine cyanine 
derivatives that contained an isothiocyanate labeling group appropriate for primary 
amine containing targets [93-95]. In their subsequent work, they reported the use of 
these heptamethine derivatives as labels for DNA sequencing primers [96]. Flanagan 
et al. developed a series of heavy-atom-modified tricarbocyanine dyes, which 
possessed succinimidyl esters or isothiocyanate groups for labeling DNA primers that 
contained primary amine groups (Table 2.3). The interesting feature of these dyes was 
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that they possessed an intramolecular heavy atom to perturb the fluorescence lifetime 
of the base chromophore. The incorporation of the heavy atom, however, did not alter 
the absorption and emission profiles of the dyes. Therefore, the dyes possess similar 
absorption and emission wavelengths but distinct lifetimes, the values of which 
depend upon the identity of the heavy atom modification. This group of dyes has been 
targeted for use in DNA sequencing based on lifetime discrimination, in which a 
single excitation source can excite all the dyes, and a single detection channel will 
process the fluorescence signals. An additional advantage of these dyes is that the 
primers labeled with these dyes show uniform electrophoretic mobilities and therefore, 
post-electrophoresis corrections would not be necessary.  
Table 2.3. Chemical structures and photophysical properties of heavy-atom modified 
tricarbocyanine dyes which contain an isothiocyanate labeling group [97]. 
 
Sulfonated heavy-atom 
modified near-IR dyes 
X=I, Br, Cl, or F 
Dye Absorption 
λmax 
Emission 
λmax 
ε 
(M-1cm-1) 
fτ  
(ps) 
fφ  
 
 
 
I 
Br 
Cl 
F 
 
766 
768 
768 
768 
 
796 
798 
797 
796 
 
216000 
254000 
239000 
221000 
 
947 
912 
880 
843 
 
0.15 
0.14 
0.14 
0.14 
 
Attractive alternatives to the cyanine-based near-IR fluorophores are the 
phthalocyanines (Pc) or naphthalocyanine (NPcs) family of compounds. The Pc’s and 
NPc’s possess a conjugated ring structure, which is linked together by four aromatic-
dicarbonitrile fragments. The absorption and emission maxima of these dyes can 
easily be altered by appending different functional groups to the dye macrocycle [98, 
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99]. For example, the annulation of benzene rings onto the Pc core will produce the 
NPc dyes, which have absorbance maxima red-shifted by 50-100 nm compared to the 
Pc dyes [100, 101]. The basic structures of Pc and NPc dyes are shown in Figure 2.8. 
Although the Pc and NPc dyes are very hydrophobic and essentially insoluble in 
water, functionalization of the periphery of the dye with charged groups ( −3SO , 
−
2CO , 
−2
3PO , etc.) or attachment of a polar functionality to the metal center (PEG-OSi) will 
improve water solubility [102]. Like the tricarbocyanines, Pc and NPc dyes can be 
functionalized for conjugation to biomolecules. The attractive feature associated with 
the Pc dyes are their superior quantum yields and favorable photochemical stabilities 
compared to the tricarbocyanines [103-105]. In addition, Pc and NPc dyes typically 
have longer fluorescence lifetimes compared to the carbocyanines, which can be 
adjusted by coordinating different metals to the core of the macromolecule [106]. 
Table 2.4 shows a comparison of a few photophysical parameters of Pc and NPc dyes 
to several other classes of near-IR dyes. Unfortunately, the synthetic route for 
preparation of these dyes typically produces symmetrically substituted structures. 
Preparing asymmetrical analogues with functional groups for facile conjugation to 
target molecules has been somewhat difficult since purifying the Pc isomers can be 
problematic. Hammer and co-workers have prepared and isolated asymmetric metallo-
phthalocyanine dyes containing a reactive isothiocyanate functional group for covalent 
labeling of oligonucleotide primers [107], which has shown potential for use in near-
IR-based DNA analysis. The same group is proposing the route of making a series Pc 
and NPc dyes with different metal centers for lifetime-based DNA sequencing.  
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Figure 2.8. Base structure of (A) Phthalocyanine (Pc) family of near-IR fluorescence 
compounds and (B) Naphthalocyanine (NPc) dyes. The M represents the metal center 
and can be, for example, Ni, Ga, Pt, Pd, Cu, Al, Si, and Zn.  The identity of the metal 
center affects both the fluorescence and spectroscopic properties of the metal Pc and 
NPc dyes. 
 
Table 2.4. Comparison of the photophysical properties associated with several classes 
of near-IR dyes. 
 
 Phthalocyanine Naphthalocyanine Tricarbocyanines 
Absorption maximum 676 nm a 769 nm b 764 nm d 
Emission maximum 684 nm a 777 nm b 73 nm d 
Quantum yield (φf) 0.37 a 0.25 b 0.05 d 
Lifetime (τf) 5.0 ns a 2.5 ns c 0.076 ns d 
Photochemical Stability (φd) 1.7 × 10-6 c 3.0 × 10-3 c 7.0 × 10-3 e 
Photon yield /Molecule ((φf/φd) 2.2 × 105 83 7.1 
 
a. Tetra-sulfonated Al-Pc; aqueous; from Ref. [108] 
b. Tetra-culfonated Al-Naphthalocyanine; aqueous; from Ref. [104] 
c. Measured in aqueous buffer pH=9.3. Ref. [105] 
d. Mearured in aqueous buffer pH=8.3. Ref. [97] 
e. Unpublished data, Soper, et al. 
 
The ability to tailor the spectroscopic properties with subtle changes in dye 
structure makes the carbocyanine, Pc and NPc dyes excellent candidates for 
bioanalytical applications. Efforts have been directed toward developing the deep-red 
cyanine-based fluorescent dyes for DNA sequencing applications. These dyes have 
high extinction coefficients and are available as phosphoramidites and NHS esters for 
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labeling oligonucleotides (primers) or dideoxy terminators. For example, Cy5 and 
Cy5.5 dye-labeled terminators have been used in single-color sequencing experiments 
[109]. It was demonstrated that deep red cyanine dye-labeled terminators, when 
combined with a suitable DNA polymerase, could produce uniform band patterns and 
yield high quality sequencing data. Structure of a Cy5.5 labeled ddATP is shown in 
Figure 2.9. The Cy-dye series (Cy 3, 5, 5.5) can also be used to produce ET cassettes 
for sequencing. With a donor being Cy3 that is excited by an Nd:YAG laser (532 nm), 
Cy3, 3.5, 5 and 5.5 can be used as acceptor dyes for preparing ET primers. IRD700 
and IRD800 are two near-IR dyes developed by LI-COR Inc. and they have been 
successfully employed in multi-lane sequencing instruments using a slab gel format 
(www.licor.com/bio/IRDyes/index.jsp). Molecular Probes has also developed the 
AlexaFluor series of dyes that span across the visible and near-IR. AlexaFluor 680 and 
750 have spectral properties almost identical to Cy5.5 and Cy7 dyes, respectively, but 
with greater brightness and better photostability (http://probes.invitrogen.com 
/handbook/sections/0103.html). Another class of cyanine-based near-IR dyes is called 
the WellRED dye set, which has been introduced by Beckman Coulter Inc. for use 
with their CEQTM Series Genetic Analysis system (http://www.beckman.com/products 
/specifications/geneticanalysis/ceq/wellreddyes_con_stat.asp). Excitation of these dyes 
is achieved with 650 nm and 750 nm diode lasers. The dye set is available in the form 
of dideoxy terminator conjugates and facilitates four-color sequencing on Beckman’s 
CEQ capillary array machine. Given the interest in sequencing, accompanied by the 
vigorous growth in solid-state technology, one can expect continued efforts in 
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development of new near-IR dyes for bioanalytical applications such as DNA 
sequencing. 
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Figure 2.9. Near-IR labeled dye terminator.  In this case, the terminator labeled is a 
ddATP. The linker is a propagyl amine, which contains a triple bond to provide 
rigidity to the linker to minimize dye interaction with the DNA polymerase during 
incorporation events. The dye is attached to the nucleobase on a non-hydrogen 
bonding site of the ddNTP.  The dye used here is a tricarbocyanine, which contains 4 
water-solubilizing groups (sulfonates).  
 
2.4. Fluorescence-based DNA Sequencing Strategies 
One of the primary advantages of using fluorescence detection for DNA 
sequencing is its multiplexing capability, in other words, its ability to identify multiple 
analytes in a single assay. The fluorescent probes attached to each nucleotide base can 
be identified simultaneously based on their characteristic fluorescence properties. Two 
properties associated with fluorescent probes have been used for identification 
purposes include, spectral characteristics (color discrimination) and fluorescence 
lifetimes (lifetime-discrimination). In each method, several different strategies can be 
implemented to reconstruct the sequence. These strategies may vary in terms of the 
number of dyes used, the number of detection channels required, or the need for 
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running 1-4 parallel electrophoresis lanes. For example, if only one dye is used to 
label all four bases, the electrophoresis must be run in four different lanes, one for 
each base comprising the DNA molecule. However, if four different dyes are used, the 
electrophoresis can be reduced to one lane, and as a consequence, the throughput of 
the instrument goes up by a factor of 4. In the following sections, various 
fluorescence-based nucleotide base calling strategies will be discussed. In addition, a 
critical assessment of each protocol will be supplied with the following questions to be 
answered: Which configuration is better from both read-length and accuracy points of 
view? Which detection format produces the best signal-to-noise ratio (SNR) in the 
measurement? What is the necessary instrumentation required for detection?  
2.4.1. Color Discrimination Methods 
Color or spectral discrimination is the most common method used in DNA 
sequencing in which spectrally distinct reporters are attached either to a sequencing 
primer or to a dideoxynucleotide and are identified by their unique emission maxima. 
The sequencing strategies that will be discussed here are categorized by the number of 
color channels and electrophoresis lanes used in the base calling process. 
2.4.1.1. Single-color/Four-lane 
In this processing format, only a single laser and single detection channel are 
used to excite and detect the sequencing fragments produced following Sanger chain 
termination. All bases are labeled with the same dye. Since no spectral discrimination 
capability is implemented, the products of the four sequencing reactions must be run 
in four separate lanes of a slab gel, one for each base, similar to the format used in 
traditional radiographic detection. One of the first demonstrations of using 
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fluorescence detection for DNA sequencing used this single-color/four-lane strategy 
[40] used a primer that was labeled with rhodamine at its 5’ end. A single laser excited 
the fluorescent dye from all lanes at the end of the gel and fluorescence was detected 
by an array of photodiodes. Using a similar scheme, Middendorf et al. sequenced a 
DNA template using a near-IR dye on a slab gel sequencer [92]. In this case, the 
system used a microscope head containing the collection optics, a diode laser, filters, 
and an avalanche photodiode to read the fluorescence from the gel. Four traces, each 
from an individual lane of the slab gel, were overlaid to allow reconstruction of the 
sequence of the DNA template. The time required to secure the data was 6 hours and 
possessed a read-length of ~600 bps. While this single-color, four-lane approach is 
reasonable for sequencing in slab gel formats, it is difficult to implement in CGE 
applications due to the poor run-to-run reproducibility in the migration rates of the 
fragments traveling through different capillaries. This is due to differences in the gel 
from capillary to capillary as well as differences in the integrity of the wall coatings 
used to suppress the electroosmotic flow. In the slab gel format, reproducibility in the 
migration times between lanes becomes less of a problem since all of the lanes are run 
in the same gel matrix.  
2.4.1.2. Single-color/Single-lane 
In the single-color/single-lane method, a sequencing reaction is carried out 
using a single dye-labeled primer and four different molar ratios of dideoxynucleotides 
to deoxynucleotides used during polymerase chain extension. The different 
concentration ratios of the terminators used during DNA enzymatic polymerization 
results in variations in the relative fluorescence intensity associated with each 
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electrophoretic band. For example, if the concentration of the terminators used during 
DNA polymerization is in a ratio of 8:4:2:1 (ddA:ddC:ddG:ddT), a series of 
fluorescence peaks should be generated following electrophoretic sizing with an 
intensity ratio of 8:4:2:1. The identification of the terminal base is then carried out by 
categorizing the peaks according to their peak amplitude with the largest peaks 
representing A, the next largest C, the next largest G and the smallest T [110, 111].  
Since only a single fluorophore is used, this approach requires particularly simple 
instrumentation — a single laser wavelength to excite the fluorophore and a single 
detection channel to process the fluorescence. The throughput of this sequencing 
protocol is higher compared to the single-dye/four-lane strategy because the sequence 
is reconstructed from a single electrophoresis lane not four. However, this protocol 
requires uniform incorporation of the terminators during DNA polymerization. In 
other words, the ability of the DNA polymerase enzyme to incorporate the terminators 
must be nearly uniform to ensure a high degree of base calling accuracy. Thus, this 
approach is restricted to the use of dye-primer chemistry in most cases, since dye-
labeled terminators serve as poor substrates for most polymerases. Because this 
sequencing method requires sequencing products generated at uniform rates, 
significant amount of work has been invested into discovering and developing 
polymerase enzymes that incorporate ddNTPs efficiently and uniformly. For example, 
Tabor and Richardson developed pyrophosphatase, a genetically modified T7 DNA 
polymerase, that incorporates dideoxynucleotides efficiently and generates reaction 
peaks of nearly equal height in a sequencing gel [111, 112].   
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A similar coding scheme has been used but only three ddNTPs are used in a 
concentration ratio of 4:2:1 [85, 113, 114].  The missing ddNTP was assigned to gaps 
between electrophoretic peaks from the gel traces. Figure 2.10 presents an example of 
sequencing data obtained using this base calling strategy. In this example, the 
accuracy in calling bases was estimated to be 84% up to 250 bases from the primer-
annealing site, with readable bases up to 400 but with accuracy deterioration to ~60%.  
 
Figure 2.10. Single-color/single-lane capillary-gel sequencing data. The template was 
an M13mp18 phage. The primer was labeled with a single near-IR fluorescent dye. 
The terminators were adjusted to a concentration ratio of 4:2:1:0 during extension to 
allow identification based on fluorescence intensities. The separation was performed at 
a field strength of 250 V/cm, and the gel column contained a 3%T/3%C cross-linked 
polyacrylamide gel [85]. 
 
In most cases, this simple single color peak-height encoded sequencing 
protocol produces poor accuracy due to the difficulty of controlling peak height 
precisely. Particularly, when the scheme contains null coding, it lessens the base 
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calling accuracy due to non-uniform electrophoretic peak widths, which creates 
ambiguities when contiguous null signals must be identified, which can lead to 
insertion or deletion errors. 
2.4.1.3. Two-color/Single-lane 
To improve the base calling accuracy associated with the single-color/single-
lane strategy without significantly complicating the sequencing readout 
instrumentation, a two-color format can be used to identify the four terminal bases. In 
this approach, one or two lasers are used to excite one of two spectrally distinct dyes 
used for labeling sequencing primers, and the fluorescence is processed onto one of 
two detection channels, consisting of bandpass filters and photon transducers. Dovichi 
and co-workers developed a two-color peak-height encoded sequencing protocol for 
applications in CGE [115, 116]. In their work, fluorescein-labeled primers with 
ddATP and ddCTP at a concentration ratio of 3:1 were used for one set of sequencing 
reactions while rhodamine labeled primers were used with ddGTP and ddTTP also in a 
3:1 ratio for the second set of reactions. The DNA sequence was determined based on 
both spectral and intensity information processed in two color channels. The read 
length achieved was ~400 bases with a base calling accuracy >97%. Researchers from 
this same group also demonstrated DNA sequencing using an “internal labeling” 
strategy using the same two-color, intensity encoded protocol. Each fluorescent dye 
was situated on the deoxynucleotides (dATPs) instead of primers or terminators [116]. 
These dye-labeled dNTPs were inexpensive to make and could be incorporated more 
uniformly during polymerization compared to dye-labeled terminators. The base 
calling accuracy in this example was 97% at 500 bp.  
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Huang et al. developed another two-dye protocol based on binary coding [57].  
They used a single laser (488 nm) to excite two labeling dyes, FAM and JOE, which 
possessed similar absorption maxima. This dye pair was selected because it produced 
sequencing fragments that showed identical mobility shifts. Red and green 
fluorescence was processed onto two separate detection channels. During DNA 
polymerization, four separate reactions were run with each set of DNA sequencing 
fragments labeled differently; A terminated fragments contained an equimolar mixture 
of FAM and JOE dye, G fragments were labeled only by JOE, T were labeled by 
FAM, and C fragments contained no dye. Following separation in a single capillary, 
the bases were distinguished by rationing the signal in the red (JOE) to green (FAM) 
channel, which was called binary coding. The read length using this strategy was 350 
bases with an accuracy of 95.7%. A majority of the errors were attributed to C 
determinations, since a null signal was used to indicate the presence of this base. 
2.4.1.4. Four-color/Single-lane 
The commonly used approach in most commercial automated DNA sequencers 
incorporating fluorescence detection is by a four-color/single-lane strategy. Four 
spectrally resolvable fluorescent probes are used to label either the sequencing primers 
or the terminators in Sanger reactions. Fluorescence emissions are sorted onto four 
color-channels followed by base identification. Accuracy of base calling by this 
method is in large part determined by the spectral resolution of the four labels and the 
degree of spectral leakage into different color channels. The primary advantage in 
using this four-color/single-lane approach is that the throughput is high, due to the fact 
that all bases can be called in a single gel tract. In addition, it provides high accuracy 
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in the base calling, especially for long reads. Unfortunately, a four-color detector 
requires extensive optical components to sort the four-color fluorescence. And in some 
cases, multiple excitation sources are needed to efficiently excite the fluorophores 
used to label the individual ddNTPs. In addition, post-electrophoresis software 
corrections may be required to account for severe spectral leakage into detection 
channels because of the broad emission profiles of typical dye-sets used for 
fluorescence labeling. 
Smith and co-workers reported the first four-color DNA sequencing [42]. In 
this method, four spectrally distinguishable sequencing primers were used for the 
Sanger reactions. The sequencing reaction products were pooled and separated in a 
single lane of the electrophoresis gel. The separated bands were detected near the 
bottom of the gel by an LIF spectrometer that consisted of an Ar ion laser operated in 
a multi-line mode and a conventional photomultiplier tube (PMT).  Filter wheels were 
placed in front of the laser and the PMT to select the appropriate excitation 
wavelength (488 or 514.5 nm) and emission color. The filter pairs used during 
fluorescence readout were 488/520 nm, 488/550 nm, 514/580 nm, and 514/610 nm. 
Carefully choosing the dyes was required to minimize spectral cross-talk.  
Recently, Lewis et al. developed a different four-color/one-lane approach 
based on pulsed multi-line excitation (PME) [117]. Four lasers are operated in a 
continuous-wave mode (399, 488, 594 and 685 nm) and are modulated by mechanical 
shutters. The beams are converged into a single coaxial beam by a prism sequentially 
illuminating a single capillary (see Figure 2.11). The ordered pulses of each laser cycle 
were generated by electronically controlling the mechanical shutters at a frequency of 
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5 Hz. A unique fluorescence dye set that had absorption maxima spanning across the 
entire visible region of the electromagnetic spectrum was used. The four dyes were 
carefully chosen to match each laser’s wavelength, resulting in strong emission signals 
while showing negligible cross-talk when exposed to the remaining laser wavelengths. 
Their absorption and emission spectra are shown in Figure 2.12. The resulting pulsed 
fluorescence signals were imaged onto a single PMT. By correlating the sequence of 
excitation pulses from four lasers with PMT responses of the emission intensities from 
fluorescently labeled DNA fragments, the authors claimed a “color-blind” base calling 
— identifying the dye by its emission intensity pattern on the four color channels. The 
primary advantages of using the PME method are; (1) the high and uniform 
fluorescence signals resulting from the optimized excitation and emission of the dye 
and; (2) the elimination of cross-talk between dyes, since temporal separation of the 
laser pulses leads to the separation of the corresponding fluorescence.  
    
Figure 2.11. Schematic diagram of the pulsed multi-line excitation (PME) 
fluorescence system. Each laser operates in a continuous-wave mode with mechanical 
shutters modulating the different excitation beams in sequential order [117].   
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Figure 2.12. Excitation and emission spectra of the four dye-labeled primers used in 
the PME experiments (solid lines are excitation and dotted lines are emission scans) 
and the appropriate filter systems. F1, 420-nm long-pass filter; F2, F3, and F4, are 
488, 594.1, and 685 nm Notch-plus filters. The four lasers are lasing at 399, 488, 594 
and 685 nm, respectively [117]. 
 
2.4.2. Lifetime Discrimination Methods 
While most sequencing applications using fluorescence utilize spectral 
discrimination to identify the terminal bases during electrophoretic sizing, an 
alternative or complementary approach is to use the fluorescence lifetimes of the 
labeling dyes to identify each of the bases. The monitoring and identification of 
multiple dyes by lifetime discrimination during a gel separation can allow for an 
additional identification protocol when combined with color discrimination to provide 
high multiplexing capabilities. Several principal advantages associated with 
fluorescence lifetime identification protocols include: 
(1) The calculated lifetime is immune to concentration differences. As such, dye-
labeled terminators can potentially be used as well as dye-labeled primers with a 
wide choice in polymerase enzymes to suit the particular sequencing application; 
the base identification can be accomplished with high accuracy irrespective of the 
intensity of an electrophoretic band.  
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(2) Lifetimes can be determined with higher precision than fluorescence intensities 
under appropriate conditions, improving base calling accuracy.  
(3) Lifetime determinations do not suffer from spectral leakage due to broad 
fluorophore emission profiles. 
(4) Multi-dye fluorescence can potentially be processed on a single detection channel 
without the need for spectral sorting to multiple detection channels [118].  
Several problems do arise when considering lifetime discrimination for DNA 
sequencing. One potential difficulty is the poor photon statistics (low number of 
photocounts in a decay profile from which the lifetime is extracted), especially when 
utilizing micro-separation techniques such as capillary and microchip gel 
electrophoresis, which have low sample loading masses and short residence time of 
fluorophores within the excitation beam (1-5 s). Basically, the low number of 
photocounts acquired to construct the decay profile during electrophoresis can produce 
low precision in lifetime measurements since the fluorescence lifetime is extracted and 
calculated directly from the decay. In addition, the high scattering medium in which 
the fluorescence is measured (gel matrix) can produce large levels of background 
photons that would be included into the decay profile, lowering precision in the 
measurement. The poor precision would consequently affect the accuracy in the base 
call. An additional concern with lifetime measurements for calling bases in DNA 
sequencing is the complex instrumentation required for lifetime determinations as well 
as the complex algorithms that are required for extracting the lifetimes from the decay 
profiles. Nevertheless, many of these concerns have been addressed using near-IR 
fluorescence. The increased availability of pulsed diode lasers and single photon 
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avalanche photodiodes has had a tremendous impact on the ability to assemble simple 
time-resolved instruments appropriate for sequencing applications, with performance 
characteristics comparable to those using visible wavelengths. The use of near-IR 
fluorescence also reduces the background and scattering photons during detection, 
potentially increasing the sensitivity of the instrument and improving the photon 
statistics. 
Both time-resolved [97, 118-133] and frequency-resolved [134-142] methods 
have been used to measure fluorescence lifetimes of the labeling dyes during the gel 
electrophoresis separation of DNAs. The time-resolved mode is a digital (photon 
counting) method, therefore it typically shows better signal-to-noise than a frequency-
resolved measurement, making it more attractive for separation platforms that deal 
with minute amounts of sample. A device that has been used for making on-line 
lifetime measurements during CGE is shown in Figure 2.13 [143]. The light source 
consisted of an actively pulsed solid-state GaAlAs diode laser lasing at 780 nm with a 
repetition rate of 80 MHz and an average power of 5.0 mW. The pulse width of the 
laser was ~50 ps (FWHM). The detector selected for this instrument was a single 
photon avalanche diode (SPAD) possessing an active area of 150 µm offering a high 
single photon detection efficiency (>60% above 700 nm). The counting electronics 
were situated on a single TCSPC board, which was plugged directly into a PC-bus 
exhibiting a dead time of <260 ns, allowing efficient processing of single photon 
events at counting rates exceeding 2 × 106 counts/s. This set of electronics allowed for 
the collection of 128 sequential decay profiles with a timing resolution of 9.77 ps per 
channel. The instrument possessed a response function of approximately 275 ps 
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(FWHM), adequate for measuring fluorescence lifetimes in the sub-nanosecond 
regime. 
 
Figure 2.13. Block diagram of a near-IR time-correlated single-photon counting 
(TCSPC) detector for CGE. The laser is focused onto a capillary column with the 
emission collected using a 40× microscope objective (NA = 0.85). The fluorescence is 
imaged onto a slit and then spectrally filtered and focused onto the SPAD. L, laser 
singlet focusing lens; C, capillary; BD, beam dump; MO1, collecting microscope 
objective; MO2, focusing microscope objective; SPAD, single photon avalanche 
diode; AMP, amplifier; CFD, constant fraction discriminator; TAC, time-to-amplitude 
converter; ADC, analog-to-digital converter; and MCS, multi-channel scaler [143]. 
 
Soper and co-workers demonstrated the feasibility of performing on-line 
lifetime determinations during capillary gel electrophoresis (CGE) separation of DNA 
sequencing ladders [118]. C-terminated fragments produced from Sanger chain-
termination protocols and labeled with a near-IR fluorophore at the 5’ end of the 
sequencing primer were electrophoresed and the lifetimes of various components 
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within the electropherogram were determined. The average lifetimes determined using 
the MLE method was found to be 581 ps with a standard deviation of ± 9 ps 
(RSD=1.9%). This result indicated that MLE could produce high precision, even for 
ultra-dilute conditions. The favorable accuracy and precision was aided by the use of 
near-IR fluorescence detection, which minimized scatter contributions into the decay 
as well as background fluorescence. 
2.4.2.1. Four-lifetime/One-lane 
In the four-lifetime/one-lane method, four DNA ladders of differently labeled 
fragments generated by Sanger chain termination reactions are separated in one lane, 
typically in a single capillary gel column, and the base calling is done with lifetime 
discrimination as opposed to spectral discrimination. Obviously, the dye sets suitable 
for color discrimination are not necessarily appropriate for the use in lifetime 
discrimination. New dye-sets must be developed that suit this identification method. In 
lifetime discrimination, it is not necessary to use dyes with discrete emission maxima 
and therefore, structural variations in the dye set can be relaxed. For instance, 
Flanagan et al. developed a dye set that consisted of a series of structurally similar 
near-IR tricarbocyanines that possessed identical absorption (765 nm) and emission 
(794 nm) maxima [97]. The lifetimes of the dyes were varied by incorporating a single 
halide (I, Br, Cl, or F) into the molecular structure. This dye set, with lifetimes ranging 
from 947 ps to 843 ps when measured in a polyacrylamide gel, have been suggested 
for use in a four-lifetime/one-lane sequencing experiment. These dye-labeled 
sequencing primers demonstrated uniform mobilities in gel electrophoresis 
applications, irrespective of the linker structures (see Table 2.3). However, since these 
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were tricarbocyanine dyes, the lifetimes were found to be < 1.0 ns and the lifetime 
differences among the dye set was found to be somewhat small (∆τf = 70 ps, ~8% 
relative difference). Lassiter et al. optimized the experimental conditions for using 
these dyes for DNA sequencing by lifetime discrimination [121]. 
Wolfrum and co-workers demonstrated the use of a four-lifetime/one-lane 
approach for DNA sequencing using CGE [122]. In their work, four dye labels 
selected from the rhodamine, cyanine, and oxazine families were covalently tethered 
to the 5’end of oligonucleotide primers. The dyes exhibited similar absorption and 
emission maxima and were excited efficiently with a 630 nm pulsed diode laser 
operated at a repetition rate of 22 MHz. The labels exhibited fluorescence lifetime 
values of 1.6, 2.2, 2.9, and 3.7 ns, with the difference between the dyes adequate for 
efficient identification in sequencing applications. This dye set allowed for the use of a 
simple detection system that was equipped with a single laser and a single avalanche 
photodiode. The instrumental response function of the entire system was measured to 
be ~600 ps (FWHM). The time-resolved data were managed using the TCSPC 
technique. Using appropriate linker structures, dye-dependent mobility shifts were 
minimized, eliminating the need for post-electrophoresis corrections. The dye-labeled 
sequencing fragments were identified by both MLE and pattern recognition 
algorithms, with the latter method providing higher overall base calling accuracy. 
Using an M13 template, Wolfrum et al. were able to demonstrate a read length of 660 
bases with a probability of correct classification > 90%.  
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2.4.2.2. Two-lifetime/Two-lane 
To show that fluorescence lifetimes could also be obtained from multiple 
electrophoretic lanes, a scanning system for measuring fluorescence lifetimes from 
multi-lane slab gels has been reported by Lassiter et al. [81]. In that report, a modified 
microscope head was inserted into an automated slab gel sequencer, which consisted 
of a near-IR time-resolved scanning imager and implemented a two-lifetime/two-lane 
sequencing approach. Two dyes in each lane were identified by their lifetimes on-line 
during gel electrophoresis. Two commercially available cyanine-based near-IR dyes, 
IRD700 and Cy5.5 were chosen as fluorescence reporters and were labeled at the 5’ 
end of a sequencing primer. A-terminated bases were labeled with IRD700 and T-
terminated bases labeled with Cy5.5 were electrophoresed in one lane while C 
(IRD700) and G (Cy5.5) tracts occupied an adjacent lane. The similar absorption and 
emission properties of these two dyes allowed efficient processing of the emission on 
a single detection channel and excitation with a single source. The lifetimes for these 
two dyes were calculated by the MLE algorithm and determined to be 718 ± 5 ps and 
983 ± 13 ps for IRD700 and Cy5.5, respectively. The base calling accuracy for an 
M13 template using this approach was 99.7% for 670 bases, better than the 95.7% 
calling accuracy obtained using a single-color/four-lane strategy carried out on the 
same instrument. The improved base calling accuracy using lifetime identification was 
a consequence of increased information content in the electrophoretic bands, 
particularly in those which were experiencing poor electrophoretic resolution.  
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2.5. Instrumental Formats for Fluorescence-based DNA Sequencing 
Proper instrumentation design of a detector system is the cornerstone of any 
successful implementation of DNA sequencing, since the performance of the detector 
will dramatically affect read length and calling accuracy. Reading fluorescence during 
the electrophoretic separation of DNA sequencing ladders and accurately and 
efficiently identifying each terminal base offers a challenging task. A good sequencing 
instrument should possess the following characteristics: high sensitivity, high base 
calling accuracy, high-throughput ability and system robustness. High sensitivity is of 
particular importance because separation platforms used to fractionate DNA are being 
developed with miniaturization as a major goal. Loading amounts as low as the 
attomole range (10-18) are often demanded. The detector must be able to read 
fluorescence signatures with reasonably high signal-to-noise in order to accurately call 
the base. As systems are further scaled-down, increases in sensitivity of the 
fluorescence reader will have to occur. 
A successful DNA sequencer also requires excellent base identification 
capabilities. This has been carried out by accurately processing the fluorescence based 
either on their emission wavelength (color) or their fluorescence lifetimes, as 
discussed in previous sections. Common to both color and lifetime discrimination are 
the ability to provide excellent discrimination of different fluorescence reporters. The 
dye sets used should possess broad spacing between their emission maxima for color 
sorting and broad spacing between their fluorescence lifetimes for lifetime 
discrimination.  
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In addition, system throughput is another important criterion by which to 
evaluate a sequencer. High-throughput requires many separation channels or lanes 
incorporated into a separation platform to process samples in parallel. All lanes need 
to be illuminated simultaneously with acceptable laser power and detected with high 
sensitivity at high duty cycles, since signal aliasing can be introduced affecting 
electrophoretic performance.  
Irrespective of the separation platform used, the fluorescence detection systems 
required for high throughput arrays can be categorized into two types — scanning or 
imaging. The following sections provide a few typical examples of each type.  
2.5.1. Fluorescence-scanning Detectors 
In scanning systems, the excitation beam is tightly focused and irradiates only 
a single lane at a time, with the relay optic rastered over the lanes of the gel or array of 
capillaries and the fluorescence from each lane processed sequentially on a set of 4 
detection channels.  
A typical example of a confocal scanning system is depicted in Figure 2.14 
[57, 58]. This system used a confocal geometry with epi-illumination, in which the 
objective used to collect the emitted fluorescence from the center of each capillary 
also served to focus the laser beam into individual capillaries. Following fluorescence 
collection by the objective, the emission was focused onto a spatial filter at the 
secondary image plan of the objective. The laser light was directed into the objective 
using a dichroic beam splitter, which also allowed transmission of the emitted 
radiation onto the detection channels. The capillaries were positioned into a linear 
array. As can be seen, the laser irradiated one capillary at a time. However, since the 
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Figure 2.14. Schematic diagram of a two-color, confocal-fluorescence capillary array 
scanner. The excitation source was an Ar ion laser operating at 488 nm. One PMT had 
a red filter (bandpass with center wavelength = 590 nm, half band width = 35 nm) 
while the other had a green filter (center wavelength = 525 nm, half band width = 10 
nm) [58]. 
 
beam was tightly focused  (diameter = 10 µm), the electronic transition can be 
saturated at relatively low laser powers, improving the signal-to-noise in the 
fluorescence measurement [144]. In addition, the noise can be significantly suppressed 
in this system, since a pinhole was used at the secondary image plane of the 
microscope objective, preventing scattered out-of-focus light generated at the walls of 
the capillary from passing through the optical system. The capillary array was scanned 
at a rate of 20 mm/s with the fluorescence sampled at 1500 Hz/channel (color channel) 
resulting in a pixel image size of 13.3 µm. The fluorescence was collected by a 32× 
microscope objective (numerical aperture = 0.4) with a geometrical collection 
efficiency of approximately 12%. Once the fluorescence had been collected by the 
 95
objective, it was passed through the primary dichroic and processed onto one of two 
different PMTs, with each PMT sampling a different color (spectral discrimination). 
While this system was configured with only two color channels, the system could 
easily be configured to do four-color processing by inserting appropriate dichroics and 
bandpass filters into the optical train. The concentration limit of detection of this 
system was determined to be 2 × 10-12 M (SNR = 3) by flowing a solution of 
fluorescein through an open capillary. The scanning could also be performed in a 
rotating fashion with capillaries set in a circular configuration or with a microchip 
situated on top of the scanner [63, 145].  
High-throughput scanning can be carried out through time-resolved 
measurements as well. Neumann and co-workers have described a time-resolved 
scanner for reading 16 capillary arrays [123]. This scanner consisted of a pulsed diode 
laser, operating at 640 nm with a repetition rate of 50 MHz and an avalanche diode 
detector. A confocal imager configured in a time-correlated single-photon-counting 
arrangement was kept stationary. The capillary array was linearly translated through 
the detection zone. Up to 16 capillaries were interrogated at scan rates approaching 
0.52 Hz. 
Lassiter and co-workers reported on the integration of a near-IR time-solved 
fluorescence scanner with an automated slab gel sequencer for lifetime-based DNA 
sequencing. Due to the size of the slab gel and the gel plates, the gel medium could not 
be translated underneath the relay optics of the detector. Therefore, a scanner 
containing the entire detection optics that could move in a linear fashion over the gel 
plate was constructed.  A pulsed diode laser operating at 680 nm was mounted on a 
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microscope head at a 56° angle with respect to the boro-float gel plates to minimize 
reflected radiation from being coupled into the optical system. The laser diode was 
driven by an electrical short-pulse generator, which supplied a repetition rate of up to 
80 MHz. The laser radiation was focused onto the surface of the gel plates using an 
f/1.4 lens that produced a spot on the gel of approximately 20 µm × 30 µm (elliptical 
beam shape of diode laser). The emission generated from the gel was subsequently 
collected by f/1.2 optics mounted in the microscope head, filtered with a single band-
pass filter and then focused onto the face of an actively quenched avalanche 
photodiode with a large photoactive area. All photon counting electronics were 
integrated into a PC board and situated in a computer to process the time-resolved 
data. The simple instrumental reconfiguration implemented in this work demonstrated 
that many existing machines, which use steady-state fluorescence, could be easily 
modified to do time-resolved measurements as well acquiring both steady-state and 
the time-resolved data.  
One important parameter that requires evaluation for a scanning system is its 
duty cycle, which takes into account the loss in signal due to multiple-lane sampling. 
For any type of scanning system, the sampling of the electrophoresis lanes is done in a 
sequential fashion.  For example, a scanning system sampling 96 capillaries produces 
a duty cycle of approximately 1%. However, in the imaging systems, all capillaries are 
sampled continuously and the duty cycle is nearly 100%. Therefore, comparisons of 
detection limits for any system must include a term for the duty cycle, since lower 
duty cycles degrade the limit of detection.  
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2.5.2. Fluorescence-imaging Detectors 
In a fluorescence imaging system, all of the electrophoresis lanes are irradiated 
by a laser(s) simultaneously, with the fluorescence readout using a multi-channel 
detector, such as a CCD. The ABI PRISM 3700 DNA sequencer employs a sheath 
flow design that incorporated an imaging system for reading fluorescence from 
multiple capillaries simultaneously [55, 56]. In this example, an array of capillaries 
was aligned inside a rectangular sheath-flow quartz cell as illustrated in Figure 2.15. A 
buffer solution was pumped through the interstitial space between the capillaries and 
the walls of the cuvette. The liquid sheath flow entrained the DNA sequencing 
fragments eluting from the columns and the flow was tapered into a smaller diameter 
with one stream per capillary. The laser beams (488 nm from Ar ion; 532 nm from 
frequency doubled Nd:YAG) were made collinear using a dichroic mirror and were 
focused into the cuvette, exciting the fluorescent molecules across all flow streams at a 
position slightly below the exit end of the capillaries. This geometry eliminated the 
need for a laser beam traveling through each capillary as required by a scanning 
system, which would cause significant scattering and reduce the intensity of the beam 
as it traveled through the array. In order to achieve multi-color processing, the 
collected fluorescence emission was sent through an image-splitting prism to produce 
four separated (spectrally) line images on a CCD camera. A set of narrow bandpass 
filters was placed in front of the prism to assist in isolating the appropriate colors for 
data processing. The collection optic and focusing optic produced a total 
magnification of 1 and resulted in a geometrical collection efficiency of 1%. The main 
advantage of this off-column detection strategy is the improved detection limits, since 
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the major contributor to the background, scattering from the gel matrix, is absent here 
[146]. The detection limit reported for this system was found to be 2 × 10-12 M when 
operated in the four-color mode. The main challenges in this scheme when considering 
scaling up to multiple capillaries includes the alignment of the individual sheath flows, 
matching the laser beam waist to the core diameters of the fluid streams containing the 
eluted fragments and attenuation of the laser beam over a long distance due to 
cumulative absorption. 
 
A                                                               B 
Figure 2.15. Diagram of an imaging laser-induced fluorescence detector for reading 
four-color fluorescence from a capillary gel array. (A) View of the multiple sheath-
flow cell.  DNA fragments eluted from the gel-filled capillaries and were focused by a 
sheath-flow stream and drawn into the lower open capillaries situated 1 mm away. (B) 
Schematic of a multiple sheath-flow gel capillary array instrument.  Combined beams 
from an argon ion laser (488 nm) and Nd:YAG laser (532 nm) traverse below the 
output of the gel columns and fluorescence is collected with a lens system and imaged 
onto a CCD camera [55]. 
 
The ability to construct imaging time-resolved systems has been made feasible 
for DNA sequencing applications with the advent of multi-channel detectors, such as 
CCDs, that demonstrate ultra-fast time resolution [147-151]. These multi-channel 
detectors are similar to conventional CCD cameras used for steady-state 
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measurements, except that they also consist of gated-image intensifiers that provide 
the ultra-fast time resolution.  The intensifier is a phosphor plate generating nearly 200 
photons per incident photo-event, thus providing gain (~200-fold) for high sensitivity 
measurements. The phosphor plate acts as an optical shutter as well providing the 
prerequisite time resolution.  For a time-resolved measurement to construct the decay 
profile from which the lifetime could be extracted, the image intensifier is triggered 
with the excitation pulse from the laser to initiate image acquisition. Therefore, the 
system also requires a laser operating in a pulsed-mode. This acquisition can be 
delayed and shifted in time with respect to the excitation laser pulse by 25 ps steps (for 
25 ps steps over a range of 12 ns, each decay profile would consist of 480 data points) 
to construct the entire decay curve. The timing resolution of such a system would 
depend on the speed of the gate, the pulse width of the excitation laser and the bin 
width of the MCA used to accumulate the individual photon events of the decay 
profile. The optical arrangement would be similar to that used for steady-state 
measurements required for spectral discrimination, in that the pulsed laser would need 
to simultaneously irradiate either an array of capillaries or a series of microchannels 
configured on a chip. The resulting fluorescence would then be collected by a relay 
optic and imaged onto the multi-channel, time-resolved detector.   
2.6. Research Focus 
Using fluorescence for readout has proven to be a viable multiplexed method 
for DNA sequencing. In this method, multiple analytes can be run in one track, 
increasing the information content (multiplexing) that can be processed 
simultaneously. Up to four reporters, one for each nucleotide base, have been 
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identified in a single electrophoresis lane using either color (spectral) or lifetime 
multiplexing. Indeed, many commercially available automated DNA sequencers are 
equipped with four-color capabilities. However, the use of only color multiplexing 
limits the number of probes that can be identified simultaneously due to the broad 
emission profiles associated with most molecular labeling dyes. The coupling of 
lifetime discrimination with traditional color discrimination allows increased 
fluorescence multiplexing capability, enabling DNA sequencing to be performed with 
greater throughput. The basic reason is that during time-resolved measurements, all 
intensity-based data are preserved, while lifetime data adds an additional layer of 
information. For example, in a color and lifetime hybrid instrument, different dyes can 
be identified by color and in each color channel, different labels can be distinguished 
through their characteristic fluorescent lifetimes. 
The research presented in this dissertation focuses on the development of a 
two-color, time-resolved fluorescence microscope using near-IR fluorescence and the 
application of this multiplexing technique in DNA sequencing. The hybrid microscope 
built for color/lifetime discrimination could acquire both steady-state and time-
resolved fluorescence data on-line during gel electrophoresis in either a capillary or a 
microchip format. The optimization of DNA sequencing conditions and lifetime-
identification of the near-IR dye labels used in the sequencing experiments on each 
electrophoresis format are pursued. The feasibility of using polymeric microchips to 
perform high-speed, high-performance and low-cost DNA sequencing is investigated. 
The construction and performance of a two-color, time-resolved scanning microscope 
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that is capable of scanning multi-channel microchip for high-throughput DNA analysis 
are evaluated. 
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CHAPTER 3. FLUORESCENCE MULTIPLEXING WITH TIME-RESOLVED 
AND SPECTRAL DISCRIMINATION USING A NEAR-IR MICROSCOPE* 
 
3.1. Introduction 
Increasing the information content obtainable in bioassays continues to be an 
important area of research in analytical chemistry due to the complexity and cost of 
performing these assays. A common strategy for increasing the information content 
(multiplexing) in a bioassay is to use fluorescence for readout, which allows the ability 
to detect several targets in a single measurement. Spectral discrimination methods are 
typically used in which each reporter (labeling dye) has unique emission properties 
that can be sorted onto the appropriate detection channel from which the identification 
is made. One example where fluorescence multiplexing is an integral component in 
the bioassay is DNA sequencing. Four reporters are used, one for each nucleotide base 
comprising the target template to allow processing of the data in one electrophoresis 
lane, which provides higher throughput compared to running each base tract in a 
separate gel electrophoresis lane. Indeed, many automated DNA sequencing machines 
utilizing either slab or capillary gel electrophoresis formats possess multi-color 
capabilities. Unfortunately, most of these machines are only capable of four-probe 
multiplexing. The limitation in the number of probes that can be effectively monitored 
is determined primarily by the broad emission profiles associated with most molecular 
labeling dyes.   
However, an 8-color fluorescence flow cytometer system has been reported, in 
which 8-different fluorescent dyes (3 of which were fluorescence resonance energy 
                                                 
* Reprinted by permission of Analytical Chemistry. 
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transfer, FRET, pairs) were processed on 11 different readout channels and excited 
with two different laser wavelengths [152]. The system was used for immunostaining 
experiments for cell sorting. 
Ju and coworkers have recently reported on the development of combinatorial 
fluorescence energy transfer tags, which potentially could allow the identification of 8 
or more probes in a single measurement [153]. In this work, excitation of the dye-set 
was accomplished at 488 nm using FAM as the donor and either one or two dyes as 
the acceptor systems for FRET. Ratiometric measurements of the acceptor 
fluorescence on three different color channels allowed identification of the 8 different 
reporters. Six nucleotide variations were successfully identified in a PCR product 
generated from a retinoblastoma tumor suppressor gene using a single gel lane of a 
capillary array electrophoresis machine.   
Lifetime discrimination can potentially offer increased multiplexing 
capabilities by utilizing color discrimination in conjunction with lifetime 
discrimination, since all of the intensity-based data is preserved in a time-resolved 
measurement and the lifetime data adds another layer of information. Recently, work 
has been reported demonstrating the use of time-resolved emission/excitation matrices 
for the analysis of polycyclic aromatic hydrocarbons using laser-excited Shpol’ski 
spectroscopy at liquid He temperatures [154, 155]. Coupling of the time-resolved 
measurement (fluorescence lifetime determinations) with excitation/emission matrices 
permitted the direct determination of targets in complex environmental samples.    
A major effort has been devoted to investigating the potential of lifetime 
identification methods for DNA sequencing using both time-resolved [97, 118-130] 
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and phase-resolved methods [134-142]. Soper et al. first reported the use of time-
resolved near-IR fluorescence in capillary gel electrophoresis [118]. A C-tract was 
labeled with a tricarbocyanine derivative that was covalently attached to the 5’ end of 
a M13 universal sequencing primer. The fluorescence lifetime for a series of 
electrophoretic peaks was found to be 581 ± 9 ps (RSD = 1.9%) with the measured 
lifetime agreeing favorably to that found for this same labeling dye measured using 
static conditions. The lifetimes were calculated using maximum likelihood estimators 
(MLE), producing favorable precision even with poor photon statistics [72].  
Wolfrum and co-workers demonstrated the use of a four-lifetime approach to 
calling bases in DNA sequencing using capillary gel electrophoresis [122]. In their 
work, a series of rhodamine derivatives were prepared, which possessed absorption 
maxima at ~630 nm and fluorescence lifetimes that ranged from 1.6 - 3.7 ns. Using 
appropriate linker structures, dye-dependent mobility shifts were minimized, 
eliminating the need for post-electrophoresis corrections. In a single-lane/four-lifetime 
format with capillary electrophoresis as the separation platform, these researchers 
were able to demonstrate a read length of 660 bases with a probability of correct 
identification of the called-bases approximately equal to 90%. 
In the aforementioned work, only time-resolved fluorescence multiplexing was 
carried out in either a stationary (static) or scanning mode of operation. In this work, 
we wish to report on the design and operation of a near-IR microscope that possessed 
both dual-color and time-resolved fluorescence capabilities for highly multiplexed 
assays. The microscope consisted of two pulsed diode lasers that operated at 680 and 
780 nm. The laser heads were coupled to single mode fibers that carried the laser light 
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to the microscope head possessing a dichroic filter, which directed the dual-color 
excitation light to a microscope objective. The resulting dual-color fluorescence was 
collected by the same objective (epi-illumination) and subsequently focused onto a 
multimode fiber that shuttled the luminescence to a pair of single photon avalanche 
diodes (SPADs). The utility of the dual-color time-resolved, near-IR microscope will 
be demonstrated by identifying fluorescently-labeled DNA sequencing fragments 
separated by capillary gel electrophoresis. In the present work, a two-color, two-
lifetime DNA sequencing protocol was carried out to demonstrate the utility of this 
dual-color, time-resolved microscope. Operation of the microscope in a dual-color, 
four lifetime format will be discussed as well for potential applications in 
simultaneously performing forward and reverse reads (8-probe multiplexing) from a 
DNA template in a single gel run. 
3.2. Experimental Section 
3.2.1. Instrumentation 
  In Figure 3.1 is shown a schematic of the two-color, time-resolved near-IR 
microscope. It consisted of two pulsed diode lasers (LDH 680 and LDH 780, 300 ps 
FWHM, PicoQuant, Berlin, Germany) lasing at 680 nm and 780 nm, respectively. The 
diodes were synchronously powered by a PLD 800 laser driver (PicoQuant) that was 
set to a repetition rate of 40 MHz. The 40 MHz operating frequency provided 
interpulse times of 25 ns. Each diode head was coupled directly to a single mode fiber 
for transporting the excitation light to the microscope head. The fibers for both 
excitation wavelengths were spliced and both ends mounted into an Optics for 
Research single mode fiber-to-fiber coupler (FFBM-S-780-X, FFBM-S-680-X, 
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Figure 3.1. Schematic diagram of the dual-color, time-resolved near-IR microscope. 
The microscope used two diode lasers providing excitation at 680 and 780 nm and a 
pair of SPADs for photon transduction. 
 
Caldwell, NJ), which allowed insertion of a narrow band-pass filter (682DF22 and 
780DF22, Omega Optical, Brattleboro, VT) into the optical train to remove extraneous 
emission produced by the diode lasers.  The single mode fiber used to carry the 680 
nm light was made ~2.5 m longer than that used for the 780 nm laser, which induced a 
phase shift into the 680 nm pulse train with respect to the 780 nm pulses by a time 
delay approximately equal to 12.5 ns. The two excitation fibers were then connected to 
a 2 × 2 optical coupler (Empirical Technologies, Charlottesville, VA) to combine the 
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two colors into a single fiber. Because the splitter was 2 × 2 and only one common 
output was coupled to the microscope head, 50% of the laser emission from each 
diode was lost. The output of the coupler was collimated and positioned onto the 
microscope head using a FC/PC fiber connector. 
The collimated laser light was reflected by a custom-designed double dichroic 
mirror (680-780DBDR, Omega Optical), which reflected both laser wavelengths when 
the mirror was positioned at a 45o angle of incidence. The laser light was then focused 
into a capillary used for electrophoretic sorting of DNAs using a 40× microscope 
objective (Nikon, Melville, NY).   
The dual color fluorescence emission was collected by this same objective, 
transmitted through the double dichroic and focused onto a multi-mode fiber using an 
objective of the same power (1:1 imaging). The multi-mode fiber carried the resulting 
emission to the two-channel, time-resolved detector.  
The dual-color emission was sorted by a second dichroic mirror (780DCLP, 
Omega Optical) into one of two different detection channels, with observation 
wavelengths centered at 710 and 810 nm. For the 810 nm channel, an interference 
band pass filter (810AF30, Omega Optical) centered at 810 nm with a 20 nm 
bandwidth (FWHM) and a sharp edge long pass filter (800AELP, Omega Optical) 
were used to isolate the appropriate fluorescence.  Similarly, the 710 nm channel used 
a band pass filter (710AF30, Omega Optical) and long pass filter (705AELP, Omega 
Optical). In addition, a short pass filter (730AGSP, Omega Optical) was used in the 
710 nm channel to block residual light produced by the 780 nm laser. The filtered 
fluorescence was then focused by 20× objectives (Nikon) onto two separate SPADs 
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(SPCM-200 single photon avalanche diodes, EG&G optoelectronics, Vaudreuiel, 
Canada). The output pulses produced by the SPADs were amplified (6954 B5 
amplifier, Phillips Scientific, Ramsey, NJ) and drove the inputs of an HRT-41 router 
(PicoQuant) allowing simultaneous measurement and proper registry of photons 
generated from the two detection channels. An SPC-430 (PicoQuant) single photon 
counting board, consisting of constant fraction discriminators, a time-to-amplitude 
converter and multi-channel analyzer, was used to process and construct the resulting 
histograms produced from the fluorophores from which the lifetimes were calculated.  
3.2.2. DNA Sequencing and Sample Preparation 
The labeling dyes used for these experiments consisted of IRD700 (LI-COR 
Biotechnology, Lincoln, NE), AlexaFluor680 (Molecular Probes, Eugene, OR), 
IRD800 (LI-COR Biotechnology, Lincoln, NE) and a near-IR bromine-modified 
tricarbocyanine dye (NIR-Br) synthesized in-house [97], all of which were covalently 
attached to the 5’ end of an M13mp18 universal sequencing primer (17mer) through a 
C6 amino linker.  IRD700 and IRD800 labeled-primers were obtained commercially 
and used as received. Labeling of the sequencing primer with AlexaFluor680 at its 5’ 
end containing the amino group was done in-house according to procedures provided 
by the manufacturer. NIR-Br was synthesized and conjugated to the M13 primer in 
our laboratory using published procedures [97], The structures of these near-IR dye-
labeled primers along with their fluorescence properties including lifetimes are shown 
in Table 3.1. As can be seen from this spectroscopic data, IRD700 and AlexaFluor680 
have very similar absorption and emission maxima, as does the IRD800 and NIR-Br 
dye pair, which allowed the four probes to be efficiently excited using the two colors 
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Table 3.1. Chemical structures and spectroscopic characteristics of the dyes used in 
DNA sequencing experiments.a 
 
 Near-IR Dyes Dye Structures λabs 
(nm) 
λem 
(nm) 
τf c(ps) 
 
 
 
    IRD700 
 
 
 
685 
 
 
 
712 
 
 
 
913±9 
 
 
 
 
 
 
710 channel 
 
 
 
AlexaFluor680
 
 
 
N/Ab 
 
 
 
684 
 
 
 
707 
 
 
 
1493±11
 
 
 
IRD800 
 
 
 
787 
 
 
 
812 
 
 
 
454±7 
 
 
 
 
 
 
 
810 channel  
 
 
NIR-Br 
  
 
 
768 
 
 
 
798 
 
 
 
744±16 
 
a Data on the commercially available dyes (IRD700, IRD800 and AlexFluor680) were 
provided by the manufacturer. Self-synthesized dye, NIR-Br, was measured in our 
laboratories. 
b Chemical structure of AlexFluor680 was not available by the manufacturer.  
c Average lifetime values and standard deviations were measured by electrophoresing 
dye-labeled oligonucleotides prepared via dideoxy sequencing (single base tract) in a 
capillary gel column. The lifetimes were calculated using MLE. 
 
of our time-resolved microscope and processed on the two color channels. However, 
differences in their chemical structures, charges and coupling positions to the 
 110
sequencing primers resulted in observed differences in their electrophoretic mobilities, 
which required post-electrophoresis corrections during sequence assembly. 
The sequencing samples were prepared from an M13mp18 single-stranded 
DNA (ssDNA) template using standard Sanger dideoxy termination protocols and the 
Amersham thermo sequenase dye primer cycle sequencing kit (Amersham Pharmacia 
Biotechnology, Piscataway, NJ). The sequencing cocktail consisted of 0.4 µg of the 
ssDNA template (USB Corporation, Cleveland, OH), 1.0 pmol of the appropriate dye-
labeled primer, 15 µL of doubly-distilled (dd)H2O, and 2 µL of the A, C, G or T 
extension mixture (Amersham Pharmacia Biotechnology). Cycle sequencing was 
accomplished in a Genius 96-well Peltier thermal cycler (Techne, Minneapolis, MN) 
using the following thermal cycling conditions (35 cycles): (i) 92°C for 2 s; (ii) 55°C 
for 30 s; (iii) 72°C for 60 s, followed by a final extension step at 72°C for 7 min.  
Compared to the manufacturer’s suggested thermal cycling protocol utilized for cycle 
sequencing, we eliminated the initial long denaturing step and minimized the dwell 
time for each denaturing step due to the temperature sensitivity of most 
tricarbocyanine near-IR dyes [121].  
Each cycle sequencing reaction was subjected to a solid phase reversible 
immobilization (SPRI) purification step, in which 10 µL of a CleanSEQTM magnetic 
particle solution (Agencourt Bioscience, Beverly, MA) was added to the sequencing 
reaction followed by 92 µL of 73% ethanol. The solution was then vortexed and 
placed onto a SPRIplate96TM-R (Agencourt Bioscience) for 3 min to separate the 
magnetic beads from the bulk solution. The cleared solution, which contained excess 
primer and terminator mix, was aspirated from the sample vials and discarded without 
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agitating the beads.  The vials were then placed on the bench top with the sample plate 
still positioned on the magnetic plate for drying. Finally, the sequencing products 
together with the magnetic beads were reconstituted in 3-10 µL of distilled water 
(released the bead-captured extension products into the bulk solution), vortexed for 1 
min and placed in the freezer until needed for capillary gel electrophoresis.  
3.2.3. Capillary Gel Electrophoresis 
A 70-cm-long fused silica capillary (75 µm i.d., 365 µm o.d., Polymicro 
Technologies, Phoenix, AZ), with the distance from injection to detection being 42 
cm, was used for all separations. Based on our studies on the effects of the sieving 
matrix on separation efficiency and fluorescence lifetimes of many near-IR dyes 
[121], linear poly(dimethylacrylamide) (PDMA, licensed by Applied Biosystems 
under the name of POP-6, Foster City, CA) was selected as our sieving matrix. The 
exact gel and denaturant concentrations were not known, but were assumed to be 
around 6% PDMA and 7 M urea. POP-6 is a self-coating polymer and therefore did 
not require a cross-linked gel coating of the wall of the capillary to reduce the 
electroosmotic flow. POP-6 gel was replaced between successive runs to preserve 
separation efficiency and provide a clean matrix prior to each electrophoretic run, 
eliminating memory effects caused by dye residue or unextended dye-primer 
remaining in the capillary and interfering with subsequent measurements. The voltage 
to the capillary column was supplied by a Spellman high voltage power supply 
(CZ1000R, Plainview, NY), which was operated in a reverse mode (injection end of 
capillary at cathodic reservoir). After fresh polymer matrix was loaded into the 
column, a 5 min prerun was performed at a field strength of 120 V/cm to reach a 
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stable current. In all cases, sequencing samples were electrokinetically injected into 
the gel column and electrophoresis was then followed at the conditions described in 
each figure caption. Running buffers used for capillary gel electrophoresis consisted of 
an ABI 3700 running buffer (Applied Biosystems, Foster City, CA), which had been 
optimized for the POP-6 gel.  
3.2.4. Data Acquisition and Analysis 
Time-resolved data and images were acquired and analyzed using a software 
package developed in-house that ran under the Windows 98 operating system [120]. 
The software, written in Visual Basic, provided real-time visualization of the acquired 
data with intensity lines (coded in color) appearing horizontally along a vertical time 
axis that was shown as a false color image. The image was divided into two equal 
parts, each representing the fluorescence signal collected from the corresponding 
detection channel. After the electrophoresis run was complete, the data was 
compressed one line at a time and then subsequently assembled into a contiguous file, 
with both intensity and time-resolved data saved to the hard drive. During analysis, the 
data in the compressed file with the pixel decay information could be displayed as a 
2D image of fluorescence intensity (y-axis) as a function of time (x-axis) (see top 
panel of Figure 3.2), which is shown as a normal intensity electropherogram. Single 
pixel or multiple pixels could be selected from the normal electropherogram trace to 
construct a decay profile (see bottom panel of Figure 3.2). After construction of the 
decay profile, the time bins over which the MLE (Maximum Likelihood Estimator) 
calculated the lifetime were selected and the lifetime value displayed.  
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Figure 3.2. Front panel display of the two-color, time-resolved data analysis program. 
A small section of an electropherogram for a single base tract is shown on the top 
panel. A single pixel or multiple pixels could be selected from the steady-state 
electropherogram to form a decay profile, which is displayed in the lower panel. The 
decay profile could be analyzed by selecting channels over which the MLE calculation 
was performed. The calculated value is shown in the bottom left corner. In this 
particular display, the electropherogram shows an AlexaFluor680-labeled T tract.   
 
The lifetimes for the labeled sequencing fragments were calculated using MLE 
via the following relation [72, 73, 156];  
∑
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11/1/ )1()1(1 ττ                          (3.1) 
where m is the number of time bins within the decay profile, Nt is the number of 
photocounts in the decay spectrum, Ni is the number of photocounts in time bin i, T is 
the width of each time bin and τ is the lifetime.  
 114
A semi-automatic peak recognition algorithm was developed for calling bases 
using lifetime identification protocols due to the large amount of data acquired in a 
single sequencing run. Before the algorithm was applied, lifetime values and standard 
deviations (σ) for each dye-label were determined and entered into the algorithm. 
Prior to and during detection of the primer peak, predefined values for the threshold 
and electrophoretic peak slope were determined. To qualify as an electrophoretic peak 
in the sequencing trace, the fluorescence intensity had to exceed this threshold value 
and the slope of the peak had to be greater than its predefined value as well. When the 
peaks were not baseline resolved according to the threshold value, sub-peaks could be 
identified based upon the analysis of the sign of the slope. Scanning along the 
electrophoretic trace, the program constructed a decay profile for each peak or sub-
peak using a single pixel located at the electrophoretic peak center, calculated the 
lifetime using MLE and reported the results. If the calculated lifetime value (τf) fell 
within 3σ of premeasured τ values, the peak or sub-peak was called as the appropriate 
terminal base associated with that label.  If the calculated τf fell outside 3σ, the peak 
was marked with “?” and further analysis was carried out by using a pixel-by-pixel 
analysis of the decay comprising the peak to search for multiple components due to 
poor electrophoretic resolution [120]. The data was not subjected to any type of 
filtering algorithm. 
Following peak identification via lifetime techniques, the appropriate dye-
dependent mobility shift was then performed on the identified base. The mobility 
correction factor was determined by running T-tracts for all dye-labels. The mobility 
correction factors were found to be DNA fragment size-dependent and as such, the 
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proper correction factors were applied based upon the migration time observed for 
each electrophoretic peak and its appropriate dye-label.    
3.3. Results and Discussion 
3.3.1. Cross-talk/Leakage between Color Channels 
The detector reported herein is a hybrid between color and lifetime 
discrimination methods, in which two sets of fluorescence probes are identified 
between two color channels and in each color set, different labels can be distinguish 
by their characteristic fluorescence lifetime. One of the potential difficulties associated 
with this scheme is cross-talk or leakage between color channels, which results from 
the overlapping emission spectra of the fluorescent dyes and the inefficiency in 
spectral sorting or blocking of laser light by the optical filters. For fluorescence 
lifetime determinations using MLE as the processing algorithm we have selected, only 
a single lifetime is extracted even from multiexponential decays and as such, errors 
would result in probe identification using its lifetime in cases where significant 
leakage into inappropriate color channels occurred [72, 73, 156, 157]. In Figure 3.3A 
is shown the time response profile of the 810 nm channel when a capillary situated 
underneath the microscope was filled with IRD700-labeled oligonucleotide. As can be 
seen, the prompt peak (instrument response function, IRF) generated by the 780 nm 
laser is clearly visible as is the decay profile produced from IRD700-labeled 
oligonucleotide resulting from spectral leakage of this emission into the 810 nm 
channel. The time shift observed in the 710 nm emission with respect to the 810 nm 
scattered signal is due to differences in the length of fiber carrying the 680 nm laser 
pulse train. Inspection of the 710 nm detection channel response function when the 
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capillary was filled with IRD800-labeled oligonucleotide indicated no residual 
fluorescence or 780 nm scattered light leaking into this color channel (data not 
shown). Attempts to reduce the emission leakage from the IRD700 dye into the 810 
nm channel using increased optical filtering was unsuccessful due to the broad 
emission profile associated with this dye and its overlap with the emission of the dyes 
excited at 780 nm.   
In order to eliminate this leakage problem, we induced a phase shift into the 
680 nm laser pulse train by inserting an extra length of optical fiber between the laser 
diode head and microscope. Since the laser interpulse time was 25 ns (40 MHz 
repetition rate for each laser), the time window on the counting electronics used to 
construct the decay profiles for each color channel was set to 12.5 ns, which was 
adequate to record the majority of the fluorescence produced by these dyes due to their 
relatively short lifetimes.  
Figure 3.3B shows the resulting response function produced by the 810 nm 
channel when the capillary was filled with IRD700-labeled oligonucleotide. As can be 
seen from this figure, only the 780 nm laser pulse was observed in the response 
function and no residual fluorescence from IRD700 was evident. The extra length of 
fiber in the 680 nm pulse train resulted in a time delay ∆τ680 = 12.5 ns of these 
excitation pulses with respect to the 780 nm pulses, which subsequently moved the 
fluorescence of IRD700 leaking into the 810 nm channel out of the 12.5 ns 
observation window used for this channel. In a similar fashion, the 12.5 ns time 
window used for the 710 nm channel did not overlap with the appearance of the 
780nm laser pulses. 
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Figure 3.3. (A) Time-response profile showing cross-talk and spectral leakage in the 
810 nm channel. (B) Time-response profile in the 810 nm channel after inserting an 
optical delay line (fiber optic) for the 680 nm laser pulse train. The fluorescence at 710 
nm was generated from IRD700-labeled oligonucleotides electrophoresed (E = 120 
V/cm) through a capillary gel column filled with POP-6.  The average laser power (as 
measured at the capillary column) was 0.5 mW for both excitation wavelengths. 
 
To further demonstrate the elimination of cross-talk and/or spectral leakage 
between color channels using time-shifting of the 680 nm pulse train, two single color 
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sequencing tracts, IRD700-labeled G-fragments and IRD800-labeled C-fragments, 
were electrophoresed separately using capillary gel electrophoresis while 
simultaneously recording the fluorescence intensity in both color channels. In the case 
of the IRD700 G-fragments (see Figures 3.4A and 3.4B), all fluorescence emission for 
this dye appeared only in the 710 nm channel (Figure 3.4A), while the 810 nm channel 
(Figure 4B) produced signals generated only from scatter and/or detector dark noise. 
In a similar manner, when IRD800-labeled C-fragments were electrophoresed, all 
fluorescence emission appeared only in the 810 nm channel, leaving only background 
signals in the 710 nm channel (see Figures 3.4C and 3.4D). Similar experiments were 
performed using the other two dyes required for our sequencing experiments 
(AlexaFluor680 and NIR-Br). No leakage of luminescence excited at 680 nm was 
observed in the 810 nm channel nor was 780 nm excited luminescence found in the 
710 nm channel.  
3.3.2. Timing Response and Limits of Detection of the Microscope 
In order to achieve accurate lifetime values with high precision using MLE, the 
IRF, which is measured as the full-width at half maximum (FWHM) of the time-
dependent signal in the absence of fluorescence, should be as narrow as possible to 
contribute little bias into the lifetime calculation since deconvolution is not included in 
the MLE analysis. The IRFs of the dual-color system were measured to be 510 ps in 
the 710 nm channel and 450 ps in the 810 nm channel, which are adequate for 
measuring fluorescence lifetimes in the sub-nanosecond regime.  
An interesting aspect of this fiber-optically coupled microscope is the use of a 
multimode fiber to shuttle the collected time-resolved emission from the microscope 
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Figure 3.4. Single base sequencing tracts analyzed in each color channel. (A) Normal 
intensity electropherogram obtained from an IRD700-labeled G tract. (B) Steady-state 
Intensity electropherogram monitored in the 810 nm channel for the IRD700-labeled 
G sequencing tract. (C) Electrophoretic fluorescence intensity generated from the 710 
channel for IRD800-labeled C fragments. (D) Intensity electropherogram generated 
from the 810 channel for the IRD800-labeled C fragments. The electrophoresis was 
performed in POP-6 gel at a field strength of 140 V/cm. The sequencing fragments 
were loaded onto the gel column electrokinetically for 30 s at 140 V/cm.  During all 
runs, both lasers were operated with an average power of ~0.5 mW at the capillary. 
 
head to the photon transducers. Due to optical path differences for light entering 
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2000 3000 4000 5000 6000
0
10000
20000
30000
40000
in
te
ns
ity
time (s)
710 nm channel
C 
2000 3000 4000 5000 6000
0
10000
20000
30000
40000
in
te
ns
ity
time (s)
810 channel
2000 3000 4000 5000 6000
0
10000
20000
30000
40000
in
te
ns
ity
time (s)
710 channel
2000 3000 4000 5000 6000
0
10000
20000
30000
40000
810 channel
in
te
ns
ity
time (s)
B A 
D 
 120
dispersion artifact is typically minimized by using single mode fibers. However, due 
to their small core diameter (< 10 µm), small acceptance angles and poor coupling 
efficiency, we decided upon using a 50 µm core multimode fiber in order to improve 
the amount of luminescence that could be coupled into this fiber. The amount of 
temporal dispersion induced by an optical fiber can be calculated from; 
cnnnL 221 /)( −×=∆τ                                             (3.2) 
where ∆τ is the temporal dispersion, L is the length of fiber, n1 is the refractive index 
of the fiber core, n2 is the refractive index of the fiber cladding and c is the speed of 
light. Inserting appropriate numbers into the above equation (L = 1.0 m; n1 = 1.53; n2 
= 1.50) produced a temporal dispersion value of 67 ps. Since the time response of 
time-correlated single photon counting instruments using SPADs is typically around 
400 ps (FWHM) due to transit time spread associated with the SPAD, the short length 
of multimode fiber used here does not set a limit on the ultimate timing response of 
the instrument [72, 91, 118]. 
Both excitation wavelengths (680 nm and 780 nm) used in this dual-color 
system fall in the near-IR region. The attractive feature of fluorescence in the near-IR 
is the small background observed during signal collection, which is attributed to the 
fact that few species fluoresce in this region of the electromagnetic spectrum and the 
lower Raman cross sections [85]. This is particularly useful in DNA sequencing 
applications, because detection occurs within a gel matrix, which is a highly scattering 
medium and components in the gel matrix, such as urea or formamide, can produce 
large amounts of background fluorescence if excitation would occur in the visible or 
UV [85]. In addition, this background could potentially complicate the lifetime 
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determinations. To test the limit of detection of the two-color, time-resolved 
microscope, two sequencing primers labeled with IRD700 or IRD800 were 
electrophoresed simultaneously in a capillary gel column filled with POP-6. Our 
results indicated that the mass limit of detection was 7.1 × 10-21 mol in the 710 nm 
channel and 3.2 × 10-20 mol in the 810 nm channel at a SNR equal to 3. Two possible 
reasons contributed to the observed differences in the detection limits between these 
color channels; different filter systems used in each channel may have resulted in 
different efficiency in blocking scattered photons or allowing transmission of the 
collected luminescence and; the two near-IR dyes used in the different channels have 
significantly different quantum yields (0.48 for IRD700 and 0.15 for IRD800).   
3.3.3. Two-color, Two-lifetime DNA Sequencing 
To perform DNA sequencing using the two-color, two-lifetime format, 
appropriate fluorescence dye pairs had to be found, in which each pair of dyes 
exhibited similar absorption and emission properties but well resolved fluorescence 
lifetimes. The dyes we selected for this application were IRD700 and AlexaFluor680 
for processing in the 710 nm channel and IRD800 and NIR-Br for use with the 810 nm 
channel. Each pair of dyes showed minimal differences in their excitation and 
emission profiles and also possessed significantly different lifetimes in the separation 
matrix used for electrophoretic sorting (see Table 3.1). To evaluate the lifetimes 
associated with each under typical capillary gel electrophoresis conditions and the 
ability to distinguish them, four single base tracts labeled with each dye were 
electrophoresed separately in a capillary filled with POP-6. In Figure 3.5A and 3.5B is 
shown the decay profiles for all four dyes together with the instrument response 
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Figure 3.5. (A) Fluorescence decay profiles for IRD700-labeled G and 
AlexaFluor680-labeled T fragments as well as the instrument response function of the 
710 nm channel. (B) Fluorescence decay profiles for IRD800-labeled C and NIR-Br-
labeled A sequencing fragments and the instrument response function generated at the 
810 nm channel. Individual dye-labeled DNA ladders were analyzed using capillary 
gel electrophoresis with POP-6 as the sieving matrix. Decays were constructed by 
integrating photocounts over 5 pixels (integration time of 5 s) centered on an 
individual electrophoretic peaks from each single dye sequencing trace. The 
instrument response functions were accumulated over 5 pixels from the gel track prior 
to migration of the DNA fragments into the detection volume. (C) Histograms 
showing the fluorescence lifetimes calculated for each single base tract of the dye 
labeled sequencing fragments, which were electrophoresed in POP-6 gel. The 
lifetimes were calculated over 66 bands from each trace. The resulting histograms 
were fit to Gaussian functions from which the standard deviations were calculated. 
 
A B 
IRD700: 913 ± 9 
(RSD=1.00%) 
IRD800: 454 ± 7 
(RSD=1.54%) 
NIR-Br: 744 ± 16 
(RSD=2.15%) 
Alexa680: 1493 ± 11 
(RSD=0.74%)
C
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(prompt) functions in each of the detection channels. The profiles were constructed by 
integrating the total number of counts over equal number of pixels obtained from the 
intensity electropherogram for each tract and the IRFs were collected over the same 
number of pixels but at a time prior to migration of the sequencing ladders within the 
trace. We found that the unextended primer remaining after primer extension usually 
appeared as an intense peak and caused smearing in the gel, which could complicate 
lifetime data analysis when running mixed-dye tracts. To minimize the amount of 
unextended primer appearing in the trace, we subjected the reaction cocktail to a SPRI 
sample cleanup.  
The average lifetime values calculated for each dye label (IRD700-labeled G, 
AlexaFluor680-labeled T, IRD800-labeled C and NIR-Br-labeled A) taken from 66 
peaks within a single base tract were determined to be 913 ps (RSD = 1.00%) for 
IRD700, 1493 ps (RSD = 0.74%) for AlexaFluor680, 454 ps (RSD = 1.54%) for 
IRD800, and 744 ps (RSD = 2.15%) for NIR-Br. A histogram of the lifetime values 
accumulated for these dyes are shown in Figure 3.5C. A difference of 580 ps was 
found between the average lifetime values for IRD700 and AlexaFluor680 and 290 ps 
between IRD800 and NIR-Br. The observed differences in the average lifetime values 
as well as the small relative standard deviations indicated that discrimination of these 
dyes should be feasible in each color channel with relatively high identification 
accuracies. However, the smaller lifetime difference for the IRD800/NIR-Br pair may 
produce more calling errors in the identification process for this particular pair.  
An M13mp18 template was sequenced using the two-color, time-resolved 
microscope in a single capillary column with POP-6 serving as the sieving gel. To 
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account for differences in the fluorescence quantum yields and extinction coefficients 
of the dyes, the concentrations of the dye-labeled primers used in each sequencing 
reaction were adjusted to attain similar peak heights in the electrophoretic trace. 
Figure 3.6A shows a typical false-color image of a sequencing run performed using 
the dual-color microscope, where IRD700-labeled G and AlexaFluor680-labeled T 
tracts were detected in the 710 nm channel (left bar of colored image) and IRD800- 
labeled C and NIR-Br-labeled A fragments analyzed in the 810 nm channel (right bar). 
Figure 3.6B shows a section of the two electropherograms generated from each 
spectral channel.  
  For each electropherogram processed from the color channels, the automatic 
peak recognition algorithm was employed to identify the terminal base using lifetime 
discrimination techniques. This automated peak identification algorithm correctly 
identified the majority of bases in each trace, but did calculate lifetimes for peaks that 
did not fall within the 3σ range of any dye label. These unidentified peaks, which were 
typically a series of bands with poor electrophoretic resolution, were carefully 
evaluated by obtaining lifetime patterns across these bands on a pixel-by-pixel basis 
[120]. Figures 3.6C shows a small section from each electropherogram in which base 
assignments were made by the automatic base-calling algorithm, with some bases 
identified in overlapped peaks from the manual pixel-by-pixel analysis. In the case of 
band doublets composed of only one dye, the lifetime values across these bands were 
found to be similar across the entire doublet, while different dyes within a doublet 
showed differences in the lifetime pattern.  
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Figure 3.6. Sequencing data for an M13mp18 template using the two-color, two-
lifetime base-calling scheme. (A) False color intensity image of the sequencing run. 
Colored intensity lines in the left bar shows data accumulated for the IRD700-labeled 
G and AlexaFluor680-labeled T tracts.  The right bar shows the IRD800-labeled C and 
NIR-Br-labeled A tracts. (B) Complete intensity electropherograms generated from 
the 710 and 810 nm channels of this sequencing run. (C) Expanded view of a section 
of the electropherograms from both color channels.  Base calling was accomplished by 
utilizing the automated calling algorithm discussed in the experimental section and, 
when ambiguities were uncovered due to poor electrophoretic resolution, a manual 
pixel-by-pixel analyses. Adjusted concentration ratios for the 4 sequencing reactions 
were T:G:C:A = 1.0:1.8:2.0:4.0. The sequencing sample was electrokinetically 
injected for 30 s at 140 V/cm onto the gel column and electrophoresed in POP-6 at E = 
120 V/cm.  
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After proper mobility-shift corrections, the sequencing traces for the end-
labeled M13mp18 sequencing fragments were assembled from the primer peak 
through the onset of biased reptation (~700 bp). In the 710 nm channel, 319 G and T 
bases were called. Based on the known sequence of this template, the calling accuracy 
for this channel was found to be 96.2%, with 12 miscalls. In the 810 nm channel, 331 
C and A bases were identified with the calling accuracy determined to be 94.0% with 
20 miscalls. As can be seen, the number of miscalls was higher in the 810 nm channel 
compared to the 710 nm channel most likely due to the fact that the lifetime difference 
for the 810 nm dye pair was smaller than that of the 710 nm dye pair. However, it was 
found that the majority of the miscalls occurred late in the electropherogram, where 
poor electrophoretic resolution is typically observed. Overall, the read length was 
found to be 650 bp with a calling accuracy of 95.1%. Clearly, improvements in the gel 
electrophoresis separation can improve the read length, since the biased reptation peak 
appeared at base 700. 
3.4. Conclusions 
In this study, we designed and constructed a two-color, time-resolved near-IR 
microscope. It successfully coupled lifetime discrimination with color discrimination, 
increasing fluorescence multiplexing capabilities for DNA sequencing applications. 
To the best of our knowledge, this is the first demonstration of combining color 
discrimination with time-resolved lifetime measurement for DNA sequencing using 
capillary gel electrophoresis. The two-color microscope demonstrated instrument 
responses of 450 ps and 510 ps in each color channel and mass detection limits as low 
as 10-21 mol. A two-color, two lifetime format of DNA sequencing was implemented, 
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and an automatic peak recognition algorithm introduced to aid in identification of 
bases using the MLE for lifetime identification.  The base calling accuracy was 95.1% 
over a read length of 650 bp.  
In the current experimental setup, the amount of spectral leakage of dye into 
the inappropriate channel was significantly reduced by utilizing the time-resolved 
capabilities intrinsic in this microscope. The counting electronics for each color 
channel were configured so as to process photoelectrons over a pre-selected time 
window (12.5 ns) and induce a phase shift into one laser pulse train. In the present 
case, this time window was adequate to reduce the amount of dye leakage based upon 
the short lifetime associated with these dyes (< 1.5 ns), which resulted in the 
fluorescence decaying to 2.4 × 10-4 of its initial intensity over the 12.5 ns time 
window. However, dyes with longer lifetimes may require longer time windows with 
lower repetition rates for the excitation source, which may reduce signal-to-noise in 
the measurement due to lower average laser powers.   
The primary motivation for using multiplexed fluorescence detection 
approaches is to increase data throughput by increasing the information content in a 
single electrophoresis lane. Using this two-color, time-resolved microscope with 
appropriate dye sets, a two-color, four-lifetime sequencing strategy could be 
envisioned. This scheme would allow simultaneous sequencing from both ends of a 
DNA template. A common methodology adopted by many production-scale 
sequencing centers is to use an ordered shotgun sequencing (OSS) strategy.  This 
method basically involves shearing YAC clones to create libraries followed by sub-
cloning into M13 vectors to create sequencing templates and then, random sequencing 
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the front and back ends of these sub-clones to build a scaffold (map). The final steps 
involve complete sequencing of selected M13 clones and filling in map gaps using 
directed reads [6]. Since maps are built using front and backend reads of sub-clones, 
one could effectively perform two reads simultaneously in a single gel run if eight 
probes could be analyzed.  
We have been developing novel near-IR phthalocyanine dyes as suitable 
candidates for such an approach [107]. These phthalocyanines have high 
photochemical stabilities, long fluorescence lifetimes and uniform electrophoretic 
mobilities. In addition, by appending appropriate substituents to the periphery of the 
macrocyclic ring, the absorption maximum can be selectively tuned.  
Finally, as increased capabilities are invested into developing multiplexed dye 
systems using exclusively color discrimination, it would be a simple matter to invoke 
lifetime identification methods into any color method to further increase multiplexing 
capabilities. For example, combinatorial FRET dye systems that utilize color 
discrimination can implement time-resolved information to more than double the 
information content accumulated from any color channel.   
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 CHAPTER 4. MULTIPLEXED FLUORESCENCE DETECTION IN 
MICROFABRICATED DEVICES WITH BOTH TIME-RESOLVED AND 
SPECTRAL DISCRIMINATION CAPABILITIES USING NEAR-IR 
FLUORESCENCE* 
 
4.1. Introduction 
Fluorescence multiplexing allows the ability to detect multiple targets in a 
single assay and typically uses spectral discrimination methods, in which each labeling 
dye has unique emission properties that can be sorted onto an appropriate detection 
channel. One example where fluorescence multiplexing is an integral component in 
the bioassay is DNA sequencing, in which four reporters are used, one for each 
nucleotide base comprising the target template to allow processing of the data in one 
electrophoresis lane. This provides higher throughput compared to running each base 
tract in a separate gel electrophoresis lane. Indeed, many automated DNA sequencing 
machines utilizing either slab or capillary gel electrophoresis possesses multi-color 
capabilities. One of the drawbacks associated with this detection scheme is that the 
broad emission profiles associated with most molecular labeling dyes limit the number 
of probes that can be effectively monitored. For instance, most commercial DNA 
sequencers are capable of four-probe multiplexing.  
While DNA sequencing has been traditionally achieved using spectral 
discrimination, lifetime discrimination offers an alternative or addition. The most 
attractive feature of lifetime discrimination is that when coupling with color 
discrimination, it potentially increases the multiplexing capabilities of fluorescence, 
                                                 
* Reprinted by permission of Analytical Biochemistry. 
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since all of the intensity-based data is preserved in a time-resolved measurement and 
the lifetime data adds another layer of information.  
A major effort has been devoted to investigating the potential of lifetime 
identification methods for DNA sequencing using both time-resolved [97, 118-132] 
and phase-resolved methods [134-142]. Soper et al. first reported the use of time-
resolved near-IR fluorescence in capillary gel electrophoresis [118]. A C-tract was 
labeled with a tricarbocyanine derivative that was covalently attached to the 5’ end of 
an M13 universal sequencing primer. The fluorescence lifetime for a series of 
electrophoretic peaks was found to be 581 ± 9 ps (RSD = 1.9%) with the measured 
lifetime agreeing favorably to that found for this same labeling dye measured using 
static conditions. The lifetimes were calculated using maximum likelihood estimator 
(MLE), producing favorable precision even with poor photon statistics [91]. 
Wolfrum and co-workers demonstrated the use of a four-lifetime approach to 
call bases in DNA sequencing using capillary gel electrophoresis [122]. In their work, 
a series of rhodamine derivatives were prepared, which possessed absorption maxima 
at ~630 nm and fluorescence lifetimes that ranged from 1.6 - 3.7 ns. Using appropriate 
linker structures, dye-dependent mobility shifts were minimized, eliminating the need 
for post-electrophoresis corrections. In a single-lane/four-lifetime format with 
capillary electrophoresis as the separation platform, these researchers were able to 
demonstrate a read length of 660 bases with a probability of correct identification of 
the called-bases approximately equal to 90%. 
More recently, we have reported on a near-IR detector with both color and 
time-resolved capabilities for DNA sequencing with capillary gel electrophoresis 
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[132]. By introducing a phase shift into one laser pulse train, cross-talk between color 
channels was completely eliminated. Two pairs of near-IR dyes with each pair 
possessing similar absorption and emission properties but distinct lifetimes were used 
in a two-color, two-lifetime format for sequencing. An M13mp18 template was 
sequenced in a single capillary gel column filled with linear poly 
(dimethylacrylamide) (POP-6). The read length was found to be 650 base pairs for the 
test template at a calling accuracy of 95.1%. 
Fluorescence lifetime discrimination has been demonstrated in both slab gel 
and capillary electrophoresis formats [97, 118, 120, 121, 131, 132, 135, 141, 142, 
157]. The emerging new technology — electrophoresis on microchips — has 
facilitated DNA sequencing technology by miniaturizing capillary dimensions on 
planar microfabricated devices. Chip-based DNA separation systems have been shown 
to have many advantages over their conventional (larger) analogues including reduced 
analysis time, decreased waste production and sample consumption, and diminished 
effects from biased injection [29]. Several groups have obtained DNA sequencing data 
in the microchip format using spectral discrimination [30, 31, 61, 63, 158, 159]. The 
channel surfaces were modified, often with a linear polyacrylamide, to suppress the 
electroosmotic flow (EOF) in the microchannel and prevent sample adsorption to the 
walls. Four-color sequencing of standard M13 DNA templates have been 
demonstrated on 7, 11.5, 40 and 50-cm-long single channel micro-devices and the 
classical variables of DNA sequencing separations such as column length, sieving 
matrix, injection parameters, etc. have been optimized. However, all published work 
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to-date on DNA sequencing by micro-devices have exclusively used spectral 
discrimination.  
In this paper, we report on the performance of a two-color time-resolved near-
IR microscope with micro-electrophoresis for the separation of DNA sequencing 
fragments. The instrument possesses both color and time-resolved fluorescence 
capabilities using a pair of pulsed laser diodes operating at 680 and 780 nm and a pair 
of single photon avalanche diodes (SPADs) as basic components. The separation of a 
single-base tract and the fluorescence lifetimes of these components will be compared 
to the performance on a capillary. Lifetime measurements for a set of near-IR dyes 
will be evaluated. A dual-color, two-lifetime DNA sequencing protocol was carried 
out using micro-electrophoresis in a glass chip to demonstrate the applicability of this 
microscope for micro-devices.  
4.2. Materials and Methods 
4.2.1. Instrumentation  
The design of the two-color, time-resolved fluorescence detection system has 
been described previously for capillary gel electrophoresis [132]. This apparatus was 
slightly modified to accommodate work on microchips. Briefly, it consisted of a pair 
of pulsed diode lasers that operated at 680 and 780 nms. Both laser heads were 
coupled to single-mode fibers and combined via an optical coupler. The dual-laser 
beams were directed by a dichroic mirror to the microchip and focused with a 40×, 
0.75 N.A. microscope objective (Plan Fluor, Nikon, Melville, NY) into the 
electrophoresis channel. The resulting dual-color fluorescence was collected by the 
same objective and focused onto a multimode fiber that shuttled the luminescence to a 
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pair of single-photon avalanche diodes (SPADs). The fluorescence signal was isolated 
in each channel using appropriate filter sets. The output pulses produced by the 
SPADs were amplified and processed on a single photon counting board (SPC-430, 
PicoQuant, Berlin, Germany) situated on the bus of the PC consisting of constant 
fraction discriminators, a time-to-amplitude converter and multi-channel analyzer. 
4.2.2. Micro-device for Electrophoresis 
The straight single-channel glass microchip was purchased from Micralyne 
(Alberta, Canada). The device consisted of an 8-cm-long separation channel with an 
effective separation distance from injector to detection of 7 cm and three 0.5-cm-long 
side channels. The intersection geometry of the side channels defined a 100-µm-long 
injection plug. The channels were 20 µm deep and 50 µm wide at the top. The chip 
was mounted on an x-y-z translation stage for precise alignment of the detection 
system with the microchannel. 
Commercial sequencing gel, POP-6 performance-optimized polymers (linear 
polydimethylacrylamide, PDMA, Applied Biosystems, Foster City, CA), was used as 
our sieving matrix. Between each run, the microchannel was refilled with fresh POP-6 
gel to provide a clean separation matrix. The electrophoresis buffer consisted of an 
ABI 3700 running buffer (Applied Biosystems, Foster City, CA). After fresh polymer 
matrix was loaded into the microchannel and fresh buffer in each of the reservoirs, the 
device was pre-electrophoresed for 5 min at a field strength of 200 V/cm. The sample 
reservoir was rinsed with water and then 2.0 µl of sequencing sample was pipeted into 
the reservoir. The other reservoirs were filled with POP-6 3700 buffer. Pt wires were 
inserted into the pipet tips, which served as reservoirs for the chip. Sequencing 
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samples were loaded by applying voltage across the twin-tee injector for a certain 
amount of time with buffer reservoirs floating and electrophoresis followed at the 
conditions described in each figure caption. During separation, 30 V/cm was applied 
to both side channels to prevent leakage of excess sample into the separation channel.  
A home-built high voltage power supply was integrated to the electrophoresis 
device to provide automatic high voltage control during electrophoresis. The power 
supply was configured into three electrophoretic modes, prerun, injection and 
separation, with each of the four electrodes providing potentials as programmed for 
predetermined amounts of time to carry out the appropriate functions. 
4.2.3. DNA Sequencing and Sample Preparation 
The labeling dyes used for these experiments consisted of AlexaFluor680 
(Molecular Probes, Eugene, OR), IRD700, IRD800 and IRD40 (LI-COR 
Biotechnology, Lincoln, NE) all of which were covalently attached to the 5’ end of an 
M13mp18 universal sequencing primer (17 mer) through a C6 amino linker. Labeling 
of the sequencing primer with AlexaFluor680 at its 5’ end containing the amino group 
was done in-house according to procedures provided by the manufacturer.  The 
structures of these near-IR dyes along with their fluorescence properties are shown in 
Table 4.1. 
The sequencing samples were prepared from an M13mp18 single-stranded 
DNA (ssDNA) template using Amersham thermo sequenase dye primer cycle 
sequencing kit (Amersham Pharmacia Biotechnology, Piscataway, NJ). Briefly, 
reactions were assembled and subjected to 35 cycles of a temperature protocol (92°C 
for 2 s; 55°C for 30 s; 72°C for 60 s), followed by a final extension step at 72°C for 7 
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min. A solid phase reversible immobilization (SPRI) purification step was carried out 
on sequencing reaction products, in which CleanSEQTM magnetic particles (Agencourt 
Bioscience, Beverly, MA) were added to the reaction cocktail to extract the extension 
fragments, removing excess salts and terminators. The captured sequencing products 
were reconstituted in 2-10 µL of distilled water. Magnetic beads were removed before 
sample loading to avoid microchannel blockage by the particles.  
Table 4.1. Chemical structures and spectroscopic characteristics of the dyes used in 
DNA sequencing experiments.a 
 
 710-nm channel 810-nm channel 
Near-IR 
Dyes 
AlexaFluor680 IRD700 IRD800 IRD40 
 
 
 
Structure 
 
 
 
N/Ab 
 
 
 
 
 
λabs (nm) 684 684 787 768 
λem (nm) 707 712 812 788 
 
a Data on these commercially available dyes were provided by the manufacturer.  
b Chemical structure of AlexaFluor680 was not available by the manufacturer.  
 
4.2.4. Data Acquisition and Analysis  
Time-resolved data was acquired and analyzed using a software package 
reported previously [132]. It integrated all photoevents in a time-decay as a data point 
(pixel), which was plotted versus the electrophoresis time to be shown as a normal 
intensity electropherogram. The integration time of each pixel was defined by the 
program prior to experiments (typically 1 s). Fluorescence decay profiles could be 
constructed by selecting pixels on the electrophoretic peak, over which maximum 
likelihood estimators (MLE) would be applied to calculate the lifetimes [73, 91, 156]. 
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A semi-automatic peak recognition algorithm was integrated into the software for 
calling bases using lifetime identification protocols. Briefly, pre-determined lifetime 
values (τ) and standard deviations (σ) for each dye-label were input into the algorithm. 
Electrophoretic peaks in the sequencing trace were recognized based upon predefined 
threshold and peak slope values. Scanning along the electrophoretic trace, the program 
constructed a decay profile for each peak from the apex (single pixel), calculated the 
lifetime using MLE and reported the results.  If the calculated lifetime value (τ) fell 
within 3σ of predetermined τ values, the peak was called as the appropriate terminal 
base associated with that label. If the calculated τ fell outside 3σ, the peak was marked 
as an ambiguity and further interrogation was carried out by using a pixel-by-pixel 
analysis of the peak comprising the decay to search for potential multiple components 
resulting from poor electrophoretic resolution [120]. The data was not subjected to any 
type of filtering algorithm. Following peak identification via lifetime techniques, the 
appropriate dye-dependent mobility shift was then performed on the identified base. 
Proper correction factors were applied based upon the migration time observed for 
each electrophoretic peak and its identified dye-label.    
4.3. Results and Discussion 
4.3.1. Optimization of Instrumental Conditions and Limit of Detection (LOD) 
The two-color time-resolved detection system was used in this study on a 
glass-based microchip. The reduction of the dimensions of the microfabricated 
channels as compared to the capillary can potentially improve the separation 
performance by reducing separation time, but creates heavy demands on the detection 
due to the reductions in the amount of sample applied. Typical electrophoretic 
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separations on a microchip require 0.1~1 nL sample injected onto the separation 
channel, while 1~10 nL are loaded into a capillary. Improvements were made to our 
capillary-based instrument to accommodate work on the microchip and achieve the 
required ultra-sensitive detection. As described in the experimental section, the dual-
color excitation beam was reflected by a double dichroic mirror and focused into the 
microchannel using a microscope objective, which also collected the resulting dual-
color fluorescence emission. Due to the wavelength-dependent focusing behavior of 
the previously used microscope objective (40×, 0.65 N.A.) [132], it was replaced by a 
PlanFluorite 40× microscope objective for this work. The failure of bringing the two 
colors into a common focal point resulted from the fact that the refractive index of 
most optical components varies with wavelength. When working with a capillary, this 
wavelength-dependent artifact was negligible due to the relatively large capillary 
diameter (75 µm), but more critical in the smaller microchannel. The Plan Fluorite 
objective, with its proper combination of multiple lens groups and single lens 
elements, allowed for dramatically reduced chromatic aberration. In addition, the new 
objective, with a larger numerical aperture (0.75), provided an increase in the 
fluorescence collection efficiency by 41% [160]. However, for most objectives, the 
working distance decreases as the magnification and numerical aperture both increase. 
The objective selected here has a working distance of 0.72 mm, the longest working 
distance we could obtain for this power and collection efficiency. Unfortunately, the 
microchannel cover plate had a thickness of 1.1 mm, which resulted in imperfect 
focusing of the excitation light and lower effective collection efficiency. In addition, 
the multiple refractive index surfaces contained in the optical train further complicated 
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the focusing of the high N.A. objective into the microfluidic channel. However, all 
experiments were performed under the best focusing conditions by aligning the 
microchip with the objective using a fluorescent dye. 
To assess the LOD of the microscope when working with the microchip under 
sequencing conditions, four sequencing primers (1:1:1:1 mixing ratio) were 
electrophoresed simultaneously in the microchannel filled with POP-6 gel. Different 
concentrations ranging from 0.1 to 10 nM were tested. Due to mobility differences 
associated with each dye-label, they were effectively resolved (see Figure 4.1). These 
dyes were identified by their lifetimes, which were calculated from the central pixel of 
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Figure 4.1. Electropherogram of four dye-labeled primers at a concentration of 1 nM 
with a mixing rate of 1:1:1:1. Electropherograms from each color channel were 
overlapped, with the solid line representing signals from the 710-nm channel and 
dotted line representing signal from the 810-nm channel. Sample was loaded onto the 
microchannel at 200 V/cm for 60 s. The electrophoresis was performed in POP-6 gel 
at a field strength of 200 V/cm with 30 V/cm pullback voltages applied to both sample 
and waste reservoirs.  
 
each band. Calibration graphs were constructed for each dye-labeled primer. From the 
slope of the calibration graph and standard deviation of the background signal, a 
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concentration LOD for each near-IR dye-labeled primer was determined to be 3.5, 6.1, 
9.6, 30.9 pM for AlexaFluor680, IRD700, IRD800 and IRD40, respectively, at a SNR 
= 3. The best LOD was for AlexaFluor680 from the 710 nm channel and the poorest 
was IRD40 in the 810 nm channel. The differences in the detection limit can be 
explained by the different quantum yields of these dyes as well as the fact that 
different filter systems in each channel may result in different efficiency in blocking 
scattered photons or transmission efficiency of the collected luminescence. For 
example, IRD40 shows much poorer detection limits because its emission maxima 
slightly deviates from the optimum transmission associated with the filters in the 810-
nm channel.  
4.3.2. Optimization of Online Lifetime Measurements for Micro-devices 
  Time-resolved fluorescence detection has been successfully implemented with 
slab gel and conventional capillary electrophoresis formats for DNA sequencing 
applications. With the development of microchip electrophoresis, compatibility 
between lifetime discrimination schemes and microchip separations can be easily 
envisioned. However, some technical challenges need to be addressed. The most 
serious one is the poor photon statistics associated with the measurement when using 
microchips. Figure 4.2 compares the separation of AlexaFluor680 labeled T-
terminated sequencing fragments on two different separation platforms. Figure 4.2A 
shows part of a trace obtained from capillary and Figure 4.2B shows a trace of the 
same region on the same sample acquired from a microchip. In these two traces, 
samples were not purified. Figure 4.2C shows a trace that was also performed on 
microchip, but incorporating SPRI cleanup prior to electrophoresis. To show the 
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Figure 4.2. Separation of AlexaFluor680-labeled, T-terminated sequencing fragments 
using POP-6 gel. (A) Normal-intensity electropherogram as well as lifetime values 
calculated from each peak obtained from a capillary (75 µm i.d.) with an effective 
separation length of 42 cm. Sample was loaded into the gel capillary for 30 s at 140 
V/cm and separated at 135 V/cm. (B) Electropherogram obtained from a glass-chip 
without purification of the sequencing products. Sample loading was performed at 250 
V/cm for 100 s and separation was carried out using a field strength of 175 V/cm. (C) 
Electropherogram obtained from a glass-chip incorporating SPRI purification 
procedures. Run conditions are the same as in B. Black dots above each peak in a, b 
and c represent the calculated lifetime values from that peak. These electropherograms 
are shown over the same region, ranging from 25 to 219 bases in each trace.  
 
 
A
B
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Figure 4.2. Continued. 
 
effects of the photon count number on the lifetime determination, calculated lifetime 
values for each peak were also plotted along the time axis and appear as black dots 
above each band in Figure 4.2A, B, and C. From comparisons of the A and B traces, it 
can be easily seen that the fluorescence intensity on microchip was substantially less 
than that observed in the capillary. This is due to the reduced sample loading volume 
on the microchip. The cross-sectional area of the 50 × 20 µm channel used in our 
experiments is ~6 times smaller than that of a 75-µm-i.d. capillary and the 100 µm-
long twin-T injector yielded an injection volume of about 90 pL, which is 
approximately tenfold less than typically observed for the capillary (~1 nl). Another 
notable difference between 4.2A and 4.2B is the analysis time, with the chip 
separation 10-fold faster than that on capillary, which is a direct result of the shorter 
separation channel (7.0 cm vs. 42 cm) and a slightly higher field strength (175 V/cm 
for chip vs. 140 V/cm for capillary). However, this faster analysis shortens the 
residence time of the chromophore within the detection zone during micro-
C
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electrophoretic separation, which also contributes to lower intensities. An average 
lifetime of 1493 ± 11 ps (RSD = 0.74%) and 1660 ± 84 ps (RSD = 5.06%) were 
obtained, respectively, from traces A and B, by calculating the lifetimes over 50 peaks 
within each tract. When compared to the capillary, lifetime values obtained from the 
microchip were consistently longer for the same dye and the standard deviations 
larger. This bias in lifetime measurement can be demonstrated more clearly from 
Figure 4.3, in which the fluorescence decay profiles were constructed by integrating 
photocounts over the time width of the same electrophoretic band (base 123) in each 
trace. As can be seen from these decay profiles, the microchip decay consists of much 
less overall counts than that from the capillary. Background photons randomly 
distributed within the decay profiles, which result from dark counts associated with the 
detector and stray light from the channel walls, appear in the later time channels of the 
decay biasing the calculated lifetimes to longer values, especially in the case of low 
concentration conditions where the relative contribution of these photons to the 
experimental decay is larger [118]. 
To circumvent the situation of poor photon statistics, one solution is to use 
highly purified and concentrated sequencing samples. We selected solid-phase 
reversible immobilization (SPRI) as our purification and preconcentration method, 
which utilized magnetic beads as the immobilization bed. By incubation with small 
amounts of ddH2O, the captured DNAs are released from the beads and yield highly 
purified and concentrated sequencing fragments. This technique has been shown to be 
an attractive approach for purifying sequencing samples [66, 161-164]. It effectively 
removes excess terminators, salts and other soluble components in the sequencing 
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Figure 4.3. Fluorescence decay profiles constructed from peak 123 of each trace 
shown in Figure 4.2. Decay A represents typical profile for AlexaFluor680 dye in a 
POP-6 gel filled capillary; B and C represent decay profiles observed on glass-chips 
without and with SPRI steps, respectively.  Decays were constructed by integrating all 
photocounts present in the selected peak. The integration time was determined by the 
residence time of the electrophoretic band within the detection zone. The average 
lifetime values were obtained by calculating over multiple peaks in the 
electropherogram of Figure 4.2. 
 
cocktail eliminating the interference of these species with the electrokinetic injection 
and separation and therefore improves data quality. Also, it can preconcentrate the 
sample, increasing the signal intensity. In Figure 4.2C is shown the electropherogram 
of SPRI-purified sequencing fragments. The 40-µl unpurified sample was 
concentrated into a 2-µl volume yielding a volumetric concentration factor of 20. As 
seen from this trace, the SPRI-purified peaks are 10 times higher in intensity 
compared to the unpurified sequencing products, which indicated a capture/release 
efficiency of about 50%. An average lifetime of 1550 ps with a relative standard 
deviation of 1.80% was obtained from trace C. Although the lifetimes are still slightly 
longer than that obtained from the capillary due to the relatively higher contribution 
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from the background, a dramatic improvement in the relative standard deviation was 
achieved. The decay profile constructed by integrating the counts in peak 123 from 
trace C are also depicted in Figure 4.3 as a comparison to the unpurified capillary and 
microchip results.  
A number of researchers have demonstrated that proper preparation of the 
sequencing ladders prior to electrophoretic sorting is important since the sequencing 
results depend intimately on the quality of the sample input into a capillary [25, 165, 
166]. On microchips, sample preparation is an important issue as well. Work has 
demonstrated the integration of sample preparation processes to micro-devices [167-
172]. For example, Paegel and coworkers implemented a gel immobilization strategy 
in a microfluidic chip that used an oligonucleotide capture matrix to immobilize and 
preconcentrate the sequencing reaction products followed by injection and microchip 
CE analysis [172]. They noticed that the unpurified sequencing sample exhibited 
inferior signal strength throughout the run compared to the purified sample. The use of 
SPRI in this study was also found to improve data quality. As calculated in trace 4.2B, 
the unpurified sample demonstrated a resolution of 0.17 between peaks 111 and 112. 
The resolution of the same pair of peaks after applying SPRI demonstrated a value of 
0.29.  For comparison, the resolution for this same peak pair was 0.63 when using a 
capillary gel column. A theoretical prediction can be made based on the relationship 
between the electrophoretic resolution and the length of the separation channels; 
R∝L1/2 [29]. A microchip with the same separation length as the capillary (42 cm) 
would yield a resolution of 0.71 using the same electrophoretic conditions. This 
simple calculation shows that the lower resolution for the microchip using SPRI 
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results mainly from the shorter separation length associated with the microchip. 
Increases in channel length would result in dramatic improvement in electrophoretic 
performance. It has been shown by Schmalzing et al. that a loss in resolution due to 
reduction in device length can not be compensated by resolution gain from reduced 
diffusional time in short devices [29]. 
4.3.3. NIR-dye Set and Lifetime Evaluation 
In this study, DNA sequencing was demonstrated using a two-color, two-
lifetime format, in which two pairs of fluorescence probes were identified by emission 
appearing on one of two color channels, and in each channel, different labels could be 
distinguished by their characteristic fluorescence lifetime. This requires that each pair 
of dyes exhibit similar spectral (absorption and emission) properties, but well 
distinguishable lifetimes. The dyes used in this application were IRD700 and 
AlexaFluor680 for processing in the 710-nm channel and IRD800 and IRD40 for use 
with the 810-nm channel. While the fluorescence properties of this dye set is 
appropriate for our application in terms of their excitation/emission properties and 
fluorescence lifetimes, the dye set did display mobilities that were dye-dependent. As 
seen in Figure 4.1 for the 710-nm channel, AlexaFluor680 migrated faster than the 
IRD700 dye/primer, and in the 810-nm channel IRD800 migrated faster than the 
IRD40 dye/primer. This dye-dependent mobility required post-electrophoresis 
corrections prior to sequence assembly. To determine the relative mobility shift 
between DNA fragments with the same length but different labels, all four dye-labeled 
T-terminated fragments were generated and subsequently electrophoresed through the 
same microchannel filled with POP-6 gel. By comparing the migration pattern from 
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single dye-labeled T-fragments, mobility correction factors were determined 
throughout the traces. We found that AlexaFluro680-labeled fragments migrated ~1bp 
faster over the first 20 bps than the IRD700-labeled fragments after which the two sets 
of fragments co-migrated. For the 810-nm channel, we found the mobility shift 
decreased throughout the trace. Over the first 50 bps, IRD800 migrated ~2 bps faster 
than the same fragment labeled with IRD40, followed by a 1 bp shift for 50-240 bases 
and 0.5 bps for the remainder of the run. In addition, a comparison of mobilities 
between the IRD700 and IRD800 labeled fragments provided correction factors 
between the two color channels. We found that the first 10 bases had a relative shift of 
1 bp, after which negligible corrections were required.  
To evaluate the lifetimes associated with each probe under typical gel 
electrophoresis conditions and the ability to distinguish them, four single-base tracts 
labeled with each dye were electrophoresed separately in a channel filled with POP-6. 
From the intensity electropherogram of each single-base tract, a peak was selected 
from which decay profiles associated with that dye were constructed. In Figures 4.4A 
and 4.4B are shown the decay profiles for all four dyes with the instrument response 
(prompt) function in each of the detection channels. The profiles were constructed by 
integrating photocounts over equal number of pixels in each tract and the IRFs were 
collected over the same number of pixels but at a time prior to migration of the 
sequencing primer through the detection volume. Inspection of the resulting decays 
indicated well-resolved fluorescence lifetimes in each detection channel. 
 The average lifetime values calculated for each dye label (IRD700-labeled G, 
AlexaFluor680-labeled T, IRD800-labeled C and IRD40-labeled A) taken from 45 
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Figure 4.4. (A) Fluorescence decay profiles for IRD700-labeled G and 
AlexaFluor680-labeled T-fragments as well as the instrument response function of the 
710-nm channel. (B) Fluorescence decay profiles for IRD800-labeled C, IRD40-
labeled A-fragments and the instrument response function generated at the 810 nm 
channel. Each dye-labeled DNA sequencing ladder was electrophoresed in a 
microchip with POP-6 gel. Decays were constructed by integrating photocounts over 
10 pixels (integration time of 10 s) centered on an electrophoretic peak from each 
single dye sequencing trace. The instrument response functions were accumulated 
over the same number of pixels from the gel track prior to the migration of the DNA 
fragments into the detection volume. 
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peaks within each single-base tract were determined to be 986 ps (RSD = 2.1%) for 
IRD700, 1551 ps (RSD = 1.8%) for AlexaFluor680, 520 ps (RSD = 3.3%) for 
IRD800, and 788 ps (RSD = 4.9%) for IRD40. The resulting lifetimes were longer 
than what we obtained in a capillary and the standard deviation larger due to the 
relatively larger contribution of background photons to the decay profile from the 
microchip as mentioned previously. A difference of 565 ps was found between the 
lifetime values for IRD700 and AlexaFluor680 and 268 ps between IRD800 and 
IRD40. The observed differences in the average lifetime values as well as the 
reasonable relative standard deviations indicated that discrimination of these dyes with 
relatively high identification accuracies should be feasible in each color channel.  
4.3.4. Two-color, Two-lifetime DNA Sequencing 
An M13mp18 template was sequenced in a single-channel glass-based chip 
using POP-6 as the sieving matrix. Figure 4.5A shows the electropherograms 
processed from each color channel. A mixing ratio of 2:3:4:8 was applied to the four 
different sequencing reactions (Alexafluor680_T:IRD700_G:IRD800_C:IRD40_A) to 
account for differences in the fluorescence quantum yields and extinction coefficients 
of the dyes as well as the transmission efficiency of each dye in its appropriate color 
channel so that similar peak heights could be obtained in the electrophoretic trace. 
Each sample was purified using SPRI prior to pooling. The total read length of the run 
shown was 294 bps, with a run time of 40 min. The automated peak identification 
algorithm was applied to the raw data to identify the terminal bases using lifetime 
discrimination. The majority of the bases were correctly assigned, but some peaks in 
which the calculated lifetime fell outside the 3σ range for any label were left 
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Figure 4.5. Sequencing data for an M13mp18 template using the two-color, two-
lifetime base-calling scheme. (A) Complete intensity electropherograms generated 
from the 710 and 810 nm channels of the sequencing run. (B) Expanded views of a 
section of the electropherograms from both color channels. Base calling was 
accomplished by utilizing the automated calling algorithm discussed in the 
experimental section and, when ambiguities were uncovered, a manual pixel-by-pixel 
analysis. Adjusted concentration ratios for the 4 sequencing reactions were T:G:C:A = 
2:3:4:8. The sequencing sample was electrokinetically loaded onto the microchannel 
for 60 s at 300 V/cm and electrophoresed in POP-6 at E = 150 V/cm. All experiments 
were performed at room temperature. 
 
unidentified. These unidentified peaks, which were typically a series of bands with 
poor electrophoretic resolution, were carefully analyzed by manually obtaining 
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lifetime patterns from pixel to pixel across these bands [120]. In the case of band 
doublets composed of only one dye, the lifetime values across these bands were found 
to be similar, while different dyes within a doublet showed differences in the lifetime 
pattern. Figures 4.5B shows a small section of each electropherogram with the base 
assignment. After proper mobility shift corrections, the sequencing traces were 
assembled and base calling errors were determined based on the known sequence of 
this template. In the 710-nm channel, 153 G and T bases were called with 14 miscalls, 
which gave an accuracy of 90.8%. In the 810-nm channel, 141 C and A bases were 
identified with 23 miscalls with a calling accuracy of 83.7%. Cumulative errors in 
each color channel as well as the overall base calling accuracy are presented in Figure 
4.6. As seen, in both color channels the majority of miscalls occurred at later times 
within the traces, most likely a result of poor electrophoretic resolution between bands 
late in the run. This is a consequence of the short electrophoretic separation channel. 
In the 810-nm channel, several miscalls occurred early in the traces, which resulted 
mainly from inversion errors due to improper mobility corrections. In addition, the 
smaller lifetime differences between the dye-pair in the 810-nm channel also produced 
errors in this channel. As seen in Figure 4.6C, the overall calling accuracy increases 
slightly during the first 150 bp and decreases rapidly from 97.3% to 87.7% for the 
longer reads due primarily to poor electrophoretic resolution late in the run. Attempts 
were made to extend the read and improve resolution by elevating the temperature or 
changing the electric field strength, however, little improvement was found. Our 
results were in agreement with a quantitative model developed by Schmalzing et al., 
which describes the performance of micro-devices with linear polyacrylamide gels 
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[29]. A read length of ~300 bases can be predicted from a 7-cm-long channel with 4% 
LPA. While the sieving matrix used here is different, the read length we achieved is 
similar to that predicted by this model. 
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Figure 4.6. (A) Plot of cumulative calling errors versus base number in the 710-nm 
channel, with errors accumulated in an increment of 50 bases. (B) Plot of cumulative 
calling errors versus base number in the 810-nm channel (50 bases increments). (C) 
Plot of percent calling accuracy as a function of read length. The percent accuracy was 
obtained by using the number of correct base calls divided by the overall base read 
length. 
 
4.4. Conclusions 
 We have demonstrated the use of a two-color, time-resolved detection scheme 
to identify fluorescently labeled DNA sequencing fragments separated by 
microfabricated devices. The combination of color discrimination with time-resolved 
lifetime measurements can potentially increase the information content in a single 
electrophoresis run by using more dyes with unique lifetimes at each color channel. 
The crosstalk between color channels was eliminated by utilizing the time-resolved 
capability intrinsic to the system [132]. With the current experimental setup, we 
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sequenced an M13mp18 template in a glass microchip. A read length of 294 bps was 
obtained with an overall calling accuracy of 87.7%. With the implementation of near-
IR technology, the hardware needed to make such measurements is significantly 
simplified and the LOD of the system ~0.1 nM. It is clear that increasing the 
separation distance and using a sieving medium that is better optimized for larger 
DNA fragments would improve our sequencing results. Our data indicated that 
appropriate cleanup and preconcentration procedures can improve the signal strength 
for low sample loading volume associated with the microchip formats, which 
improves read length and call accuracy. Expansion of the current platform toward the 
use of a two-color, four-lifetime format will permit, for example, simultaneous 
forward and reverse sequencing of a double-stranded template in a single gel run not 
only increasing throughput, but also assisting in gap closure in shotgun sequencing 
projects.  
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CHAPTER 5. DETECTION OF SANGER SEQUENCING FRAGMENTS BY 
GEL ELECTROPHORESIS IN POLYMETHYLMETHACRYLATE (PMMA) 
MICRO-DEVICES AND THE DEVELOPMENT OF TIME-RESOLVED 
FLUORESCENCE SCANNER 
 
5.1. Introduction 
5.1.1. Why Polymer? 
As mentioned in previous chapters, microchip-based analytical systems offer 
improvements in cost, speed and automation. At present, the majority of microchip 
work has centered on using glass or quartz as substrates due to the fact that these 
materials possess high-quality optical properties and well-documented surface 
chemistries, allowing chemical modifications when necessary. Glass-based microchips 
employed for DNA analyses are mainly manufactured by standard photolithographic 
procedures followed by chemical wet-etching [173]. Unfortunately, the fabrication of 
these glass or quartz-based micro-devices is relatively expensive and time-consuming; 
thus, they are not suitable for mass production. In addition, isotropicity of the etching 
process produces shallow, elliptical shaped structures with low aspect ratios (the ratio 
of the mask undercutting to the etch depth). Other disadvantages associated with these 
glass-chips include the requirement of high temperatures (600 °C) and the use of 
harmful chemicals.  
To circumvent the limitations associated with glass-based devices, several 
groups have developed procedures for fabricating and applying polymer-based micro-
devices [174-176], such as polymethylmethacrylate (PMMA) [177-179], 
polycarbonate (PC) [180], polystyrene [181], polyolefin [182] and 
polydimethylsiloxane (PDMS) [183-186]. Polymers offer a wide range of mechanical 
and thermal properties, providing various selections for different applications. One of 
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the attractive features associated with polymer materials is their flexibility in the 
micromachining process. A variety of microfabrication techniques can be used to 
fabricate polymer microchips, such as injection molding, imprinting, hot-embossing, 
laser ablation and X-ray lithography. These methods allow rapid, inexpensive mass 
production of micro-devices. Economical single-use devices become possible, 
eliminating cleaning and sample-to-sample carryover contamination. In addition, the 
use of polymer substrates allow the incorporation of useful functionalities for 
microfluidics, such as microscale valves and pumps [187, 188], which are essential to 
the successful development of integrated devices. However, some technical issues 
remain, such as the surface modification on these plastic chips, the compatibility with 
some biological samples, as well as quality control over the commercially available 
polymer materials. 
5.1.2. Polymer Fabrication Techniques 
Polymer fabrication techniques can be broadly classified into two categories, 
direct fabrication methods and replication methods. Direct methods, by which the 
individual polymer surface is fabricated to form microstructures, are not the most 
economical and in some cases produce surfaces that are problematic for high-
resolution electrophoresis. Examples include mechanical milling, laser ablation [176], 
and reactive ion etching [189]. Replication methods employ a precise template or 
molding tool from which identical features can be replicated. Examples are injection 
molding [190], hot-embossing [178], imprinting [191], and soft-lithography [192]. 
Such techniques are demonstrably economical when large numbers of identical plastic 
parts or devices are formed.  
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Hot-embossing is an easy and cost-effective method for reproduction of 
microstructures. Under vacuum conditions, a metal molding tool is pressed into a 
heated polymer substrate, transferring the desired features into the polymer. The 
number of daughter parts that can be fabricated from a single master and the average 
replication time per device is ~5 min, allowing for rapid mass-production of micro-
components at low cost. The micro-devices reported herein are hot-embossed PMMA 
microchips replicated from a Ni mold insert, which were created by LiGA techniques. 
The LiGA processes as well as other chip manufacturing procedures are depicted in 
Figure 5.1.  
The three-step LiGA process includes X-ray lithography, electroplating, and 
molding. LiGA is advantageous when developing microstructures with high aspect 
ratios. For example, microstructures with lateral dimensions of ~5 µm and aspect 
ratios > 20:1 have been patterned using LiGA for microchip fabrication purposes 
[193]. First, a thick layer of X-ray or UV resist is bonded to a stainless steel substrate 
and a mask containing the pattern to be transferred to the micro-device is placed on 
top of it. Synchrotron X-ray or UV radiation is then used to transfer the lateral 
structural information into the resist layer, for example, polymethylmethacrylate 
(PMMA). The exposure to radiation modifies the resist in such a way that it can be 
removed with a suitable solvent, leaving behind the structure of the unirradiated 
plastic as the primary structure. The spaces generated by the removal of the irradiated 
plastic material can then be filled with metal by an electroforming process. This is 
followed by mechanical polishing of the electroplated surfaces; the unexposed photo- 
resist is then removed by a developer and rinse procedures. The negative pattern of the 
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plastic structure is then generated as a secondary structure of metals, such as nickel, 
copper, gold, or alloy. The final mold master that consists of a stainless steel base with 
nickel microstructures on the surface is then used to mold microstructures by means of 
replication, such as hot-embossing. The molding tools made of nickel and nickel 
alloys have often been used for plastic molding to produce faithful replicas of the 
structures. 
 
Figure 5.1. Schematic representation of microchip fabrication using hot-embossing 
from a nickel molding master made by LiGA and the chip assembly using thermal 
annealing.  
 
 After the formation of open microstructures on polymer material, the channels 
require enclosure to accommodate fluids, which can be accomplished by thermally 
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bonding a cover plate of the same material to the embossed devices near the glass 
transition temperature of that polymer. 
5.1.3. Current Status of the µ-CAE Sequencing System and Our Research Focus 
Polymer micro-devices have demonstrated suitability for a variety of existing 
and emerging bioanalytical applications, including genetic analyses, medical 
diagnoses and pharmaceutical discovery. In particular, the research in this report is 
focused on high-throughput DNA sequencing applications using these plastic 
microfluidic devices. Micro-devices have been extensively researched for their use in 
DNA separations. Significant progress has been made in achieving high-speed DNA 
sequencing on short microfabricated channels, mainly on the use of glass substrates 
[29-32]. While it is recognized that polymer microfluidic devices for electrophoretic 
sizing of DNAs have very attractive advantages, very few have reported on the use of 
plastics for DNA sequencing. Only a few reports have demonstrated success in using 
polymer microchips for DNA fragment analysis [194-198]. This is probably due to the 
fact that ongoing polymer surface modification investigations have not reached a 
conclusion on how single-base resolution, the most demanding separation, can take 
place by using polymers. Shi et al. reported the first DNA sequencing on a plastic chip 
made of polyolefin [199]. With 4% LPA as the sieving polymer and a coating of poly-
dimethylacrylamide/diethylacrylamide at the channel surfaces, single-base resolution 
(Rs>0.5) was achieved up to 275 bases. A read length of 320 bps at a base calling 
accuracy of 99.1% was obtained on a 4.5-cm-long plastic chip within 13 min. The read 
length was limited by the length of the separation channel. Longer read length and 
better resolution were expected on longer separation channels.  
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In the capillary arena, it was the development of capillary array rather than a 
single capillary that designated capillary systems as the successor to the conventional 
multi-lane slab gel system. By the same token, it was realized that only micro-devices 
with multi-lane capacity could fully reveal their superiority over capillaries. Therefore, 
the development of microchip-based DNA sequencing systems has been geared 
toward the development of micro-devices with high multiplicity and the construction 
of multiplexed detector systems. Fortunately, microfluidic channel arrays can be 
manufactured in just a few steps on a planar substrate with channel-to-channel 
alignment fixed and robust, which is much easier than manipulating bundles of fragile 
capillaries.  
Since its first demonstration for DNA analysis on a 12-channel micro-device 
[60], microchip array electrophoresis (µ-CAE) systems have undergone several 
improvements to maximize their performance in terms of throughput. Liu et al. 
demonstrated DNA sequencing in 16-channel array chips using a galvoscanner [61]. A 
radial design of 96-channel CAE microplate coupled with a confocal scanning detector 
developed by Mathies and co-workers raised the sequencing throughput to a higher 
level [63]. Recent efforts in obtaining even higher sample capacity led to the birth of 
768-lane micro-electrophoresis sequencing system, in which two 384-lane microplates 
were automatically alternated between electrophoresis and regeneration for 
sequencing [67, 200]. The large area of the microplate (25 cm × 50 cm) used in this 
work generated long read lengths and made higher density of arrays possible, but at a 
sacrifice of analysis time.  
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The commonality in the aforementioned microchip array systems is that they 
all use glass substrates. To circumvent the drawbacks associated with the glass-based 
µ-CAE devices, such as the high cost and the difficulty in further miniaturizing 
channel dimensions, polymer materials have become an attractive alternative and 
gained increased popularity. More recently, Dang et al. developed PMMA-based µ-
CAE devices made by injection molding [195, 201]. In their work, a large number of 
microchips could be manufactured at very low cost and assembled in just a few 
minutes. The 10-channel array micro-device, coupled with an imaging detector 
equipped with a CCD camera, successfully demonstrated high-speed and high-
throughput dsDNA separations. However, performing ssDNA separations required for 
DNA sequencing applications on such plastic chips was not mentioned and the short 
separation length (5 cm) was rather impractical for long read DNA sequencing. To 
date, no high-quality and high-throughput DNA sequencings on polymer-based µ-
CAE systems have been reported. 
We previously demonstrated the use of a multiplexed fluorescence detector 
that combined fluorescence lifetime-discrimination and color-discrimination for DNA 
sequencing. Such a detector has been used with both capillary and single-channel 
glass-based microchips [132, 133]. The marriage of this highly multiplexed 
fluorescence detection strategy with a high-throughput sequencing platform, for 
example the microchip array, further benefits the system throughput. Additionally, 
using a polymer as the substrate for manufacturing these array microchannels further 
reduces the cost of sequencing. Our group has proved the applicability of using time-
resolved measurement on polymer based microchips for fluorescence lifetime 
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measurements [202]. This chapter presents the separation of Sanger sequencing 
fragments in PMMA micro-devices, and the development and the performance of a 
two-color, time-resolved near-IR scanner that is coupled with a multi-channel 
microchip for detection. The single-channel and multi-channel PMMA chip design 
and the preliminary separation results on them will be discussed. The design and the 
challenges of the scanner will be addressed.  
5.2. Materials and Methods 
5.2.1. Microfabrication and Design of PMMA Micro-devices 
The PMMA microchips were fabricated using methods that have been 
previously reported in our group [203, 204]. Briefly, a metal molding die was used in 
conjunction with hot embossing to generate replicas from PMMA substrates. The 
embossing system consisted of a PHI Precision Press (model TS-21-HC (4A)-5, City 
of Industry, CA). The mold and polymer substrates were placed in a vacuum chamber 
to remove air. Before molding, all residual water present in the PMMA sheets 
(GoodFellow, Berwyn, PA) was removed by baking overnight in an oven. During 
embossing, the molding die was heated to 150°C and pressed into the PMMA wafer 
with a force of 1000 lbs for 4 min. After embossing, the chamber was taken out of the 
press and the embossed part was removed and cooled. Following thorough cleaning of 
the embossed chip, a thin (250 µm) PMMA cover slip was thermally bonded to the 
open face of the channel at 107°C for 20 minutes in a convection oven. 
Single-channel PMMA chips consisted of a 10-cm-long (effective length) 
serpentine separation channel and three 0.5-cm-long side channels, with the 
intersection defining a 500-µm-long double-T injector (shown in Figure 5.2). Two 
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180º turns were incorporated to extend the channel length while keeping the overall 
size compact. The channels were 25 µm wide and 120 µm deep. One-millimeter holes 
were drilled at the end of each channel to serve as reservoirs for sample, waste and 
buffer.  
 
Figure 5.2. Schematic of single-channel microchip in a 25 mm × 50 mm area. Two 
180° turns are incorporated to give an effective separation length of 10 cm. The chip 
contains four reservoirs as numbered in the layout. 1 is for sample and 2, 3, and 4 hold 
buffer solutions and wastes. 
 
The design of the multi-channel PMMA micro-device and the cover plate are 
shown in Figure 5.3. Sixteen channels were configured into a radial design, which 
shared a common anode reservoir in the center with each channel possessing an 
effective length of 15 cm, a channel width of 20 µm and a depth of 75 µm. The 
adjacent two channels were combined in a pair to share a common waste reservoir. 
The samples were designed to be input from fused silica capillaries that could be 
dipped into a titer plate or interconnected with another microchip that would carry out 
sample purification prior to the DNA separation. Two capillary inlets were designed 
for each channel to input two samples that would be simultaneously detected by a 
 163
                    A                                                                     B 
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Figure 5.3. Layout of 16-channel micro-electrophoresis chip fabricated in PMMA 
using hot embossing techniques. (A) Schematic of a 16-channel microchip. (B) 
Detailed diagram of a single pair of channels. (C) Schematic of the 16-channel chip 
aligned with the Au-patterned cover-plate. Red represents gold patterned area. (D) A 
picture of an assembled 16-channel PMMA microchip. (Note: The chip shown is a test 
chip made by micro-milling.) 
 
fluorescence scanner equipped with two-color capabilities. Each channel was folded 
with four 180° turns to increase the effective separation length while maintaining a 
compact design compatible with the conventional wafer-scale fabrication. To simplify 
electrode handling during electrophoresis, an Au-electrode patterned cover plate was 
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designed and fabricated. Steps of patterning metal electrodes on the PMMA cover 
plate included metal deposition, pattern generation and metal etching. First, an 
AutoCAD drawing of the electrode topography was transferred to a 5" × 5" × 0.12" 
chromium-coated quartz plate to form an optical mask. The well-cleaned PMMA (0.25 
mm thick) cover sheets were placed into an e-beam evaporator (Temescal, Fairfield, 
CA) for metal deposition, in which 50 Å of Cr (seed layer) and 3000Å of Au were 
deposited. An S1813 (positive photoresist, Shipley, Somerville, NJ) was spin-coated 
onto the Au-coated PMMA substrate. After curing, the optical mask was placed over 
the resist-coated PMMA substrate and this assembly was exposed to UV light for 9 s 
(Oriel UV Exposure System, Stratford, CT). Finally, after resist development, the 
exposed Au and Cr layers were etched away, revealing the desired electrode pattern. 
Once thermally bonded to the PMMA microchips and aligned with all the reservoirs, 
the Au-patterned cover plates served as both seals and electrical contacts to the 
electrodes. The metal fingers at the edge of the cover plate were connected to a high-
voltage power supply through appropriate electronic devices.  
5.2.2. Instrumentation 
 Detection of the fluorescently labeled DNA fragments in the single-channel 
PMMA microchips was accomplished by a specially constructed two-color, time-
resolved microscope operated in a static mode, which was described previously [132, 
133]. In order to perform detection over multi-channel microchips with a radial 
design, the apparatus was modified to be operated in a scanning mode. The major 
modification to the system was the replacement of the focusing objective with a 
scanning head. A diagram of the scanning head is shown in Figure 5.4. Two laser 
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beams (680-nm and 780-nm) from a pair of pulsed diode lasers (PicoQuant, Berlin, 
Germany) were transported through optical fibers and combined via a coupler. The 
dual-laser beam was reflected by a dichroic mirror and passed through the center of 
the cylindrical scanning head from the bottom. Two gold-coated front surface mirrors 
were held at 45° opposite to each other in the mirror housing to displace the incident 
laser beam off the center axis. The distance of the beam displacement (4 mm) defined 
the circular scanning radius. An objective lens (LLO-2-2-680, OFR, Caldwell, NJ) 
was mounted on top of the scanning head, focusing the laser beam into the 
microchannel and collecting the resulting fluorescence as well (epi-illumination). The 
two-color fluorescence emission passed along the optical path inside the scanner head, 
was transmitted through the dichroic mirror, and focused onto a multimode optical 
fiber, which carried the light to the second dichroic mirror. The dual-color 
fluorescence finally reached the two detectors after sorting by the dichroic mirror and 
passing through sets of optical filters. The detectors were a pair of SPADs with one 
monitoring fluorescence at 710 nm and the other at 810 nm. The scanner head was 
driven by a digital stepper motor (NEMA23, Intelligent Motion System, Glastonbury, 
CT), scanning along a circular path with a multi-channel microchip situated on the top. 
Controlling software developed in-house directed a digital I/O board (PCI-DDA 
04/12bit, National Instruments, Austin, TX) to send step pulses to a microstepping 
motor driver (IM483, Intelligent Motion System). The driver drove the stepper motor 
and provided micostepping capability of up to 51,200 steps/resolution. All electronics 
for time-correlated single photon counting were configured on the TimeHarp 200 
board (PicoQuant), which was inserted into the computer to process the time-resolved 
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data. A detector routing device (NRT-41, PicoQuant) was used to properly register 
photons from different detectors, allowing simultaneous measurements in two 
detection channels.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. Schematic of the two-color, time-resolved scanning fluorescence 
microscope. The red line represents the light path.  
 
5.2.3. Reagents and Samples 
The fluorescent labeling dyes used in this study were AlexaFluor680 
(Molecular Probes, Eugene, OR) and IRD700 and IRD800 (LI-COR Biotechnology, 
Lincoln, NE). Two IRD dyes were labeled at the 5’ end of a DNA primer and were 
obtained commercially. Single base terminated Sanger sequencing fragments were 
Bandpass 
filters 
Single-mode 
fiber
Laser driver 
Double dichroic 
Motor 
Laser diodes Line filters 
Dichroic mirror 
Mirror housing 
Bearing 
Multi-channel 
 PMMA chip 
Timing belt 
SPAD
SPAD 
 167
generated from an M13mp18 single-stranded DNA (ssDNA) template using a 
procedure described previously [132]. Briefly, the dye-labeled primer, template and 
termination mix were assembled and the cycle sequencing reactions were carried out 
by a thermal cycler (Techne, Minneapolis, MN).  
The linear polyacrylamide (LPA, molecular weight: 5M~6M) separation 
matrix was purchased as a powder (Polybiosciences Inc., Warrington, PA) and 
suspended in 1×TTE buffer (50 nM Tris base, 50 mM TAPS acid, and 2 mM EDTA, 
pH 8.3) with 7 M urea. The final concentration of the separation matrix used in this 
study was 4% LPA. High molecular weight (8M) polyethyleneoxide (PEO) (Sigma, 
St. Louis, MO) was made in 1% (m/v) solution and used as a surface coating material. 
Commercial sequencing polymer POP-6TM (~6% Polydimethylacrylamide) and the 
electrophoresis running buffer were from Applied Biosystems (Foster City, CA). 
Another separation matrix “nanogel” was generously provided by our collaborators 
from Barron’s group at Northwestern University. It was made by inverse emulsion 
polymerization and consisted of 2.75% high molar-mass LPA and a low percentage of 
cross-linker (< 10-4 mol%) [37].  
5.2.4. Micro-electrophoresis 
Sieving polymers with low viscosity, such as POP series gels, were manually 
loaded into the microchannel using a gas-tight syringe. LPA sieving matrix and 
nanogel were loaded into the channel using a pressure vessel connected to a N2 gas 
cylinder. The connection on the microchip was made via capillary tubing and a 
nanoport assembly (Upchurch Scientific, Oak Harbor, WA) attached to the anode 
reservoir. The pressure used for loading was ~300 psi. The matrix was replaced before 
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each experiment. After the gel matrix was introduced into the microchannels, all wells 
were thoroughly cleaned to remove the extruded gel at the well ports and then filled 
with buffer or sample. Pre-electrophoresis was carried out in the separation channels 
for 10 min at 200 V/cm. Sample loading was carried out by applying voltages across 
the double-T injector for 3 min at 250 V/cm. Injection and separation were carried out 
immediately following the loading by switching voltages along the separation 
channels. Optimized running conditions for different sieving polymer and chips are 
described in the captions of Figure 5.5. For the separation in the single channel 
microchip, pullback voltages were applied to the two side channels (1 and 2 in Figure 
5.2) to prevent sample leakage. A specially constructed high-voltage power supply 
was program-controlled via a digital I/O board (NI-PCI 04, Austin, TX) situated in the 
computer, providing automatic voltage control over each electrode.  
5.2.4. Data Acquisition and Analysis 
Time-resolved data processing software packages for both the static and 
scanning fluorescence microscopes were developed in-house. The software for data 
acquisition and on-line lifetime calculation were described previously [132]. Briefly, 
all photons of a decay curve collected during the pre-set sampling time (e.g. 1 s) were 
integrated into one data point. All the data points were plotted in real time to generate 
the intensity electropherogram. The data acquisition was carried out by a TimeHarp 
board situated in the computer. The fluorescence decay profiles could be recovered 
from the electropherogram and the decay times determined by the maximum 
likelihood estimator (MLE). In the scanning mode, scanning motion was synchronized 
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with the TCSPC data acquisition, controlled by a program written in Dotnet 
Framework, and run under Windows XP.  
5.3. Results and Discussion 
5.3.1. Separation of Single Base Terminated Sanger Sequencing Fragments on 
Single-channel PMMA Micro-devices 
 
One of the most important factors that affects sequencing results and quality is 
the electrophoretic separation efficiency (plate numbers) of the system. DNA 
sequencing is one of the most demanding separations, since single-base resolution 
over a wide DNA size range is required. The majority of sequencing is still being 
carried out using glass-based separation platforms, either capillaries or microchips. 
Typically, coatings are applied on those surfaces to suppress the EOF and prevent 
sample adsorption in order to achieve sufficient separation efficiency. Polymers have 
appeared as attractive alternatives to glass materials, but little evidence has shown 
their capability for sequencing. Fundamentally, separations in polymer microchannels 
are quite similar to those in glass-based chips. A major difference between the two 
materials is their distinct surface chemistry. One of the major goals of this study was 
to develop polymer-based microchips for DNA sequencing. PMMA was chosen as the 
substrate due to its low autofluorescence level and better performance in micro-CE 
[205]. It has been reported that the EOF in fused-silica capillaries is ~9.5 × 10-4 
cm2/Vs at pH > 9, while in PMMA microchannels it is 1.2 × 10-4 cm2/Vs and virtually 
pH independent [174]. In spite of the fact that the EOF in PMMA is smaller compared 
to glass, for sequencing applications, it may still impact separation performance.  
Direct comparison between PMMA and glass was made by running the same 
DNA sequencing ladders on both chips. Figure 5.5 shows the separation of 
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Figure 5.5. Separation of IRD700 labeled T-terminated sequencing fragments in 
PMMA and glass microchips. The insets are the expanded views of part of the 
electropherogram from the whole traces. In all cases, samples were unpurified DNA 
sequencing products. (A) Electropherogram obtained from a PMMA chip with 10-cm-
long serpentine channel using a 4% LPA matrix with 1×TTE buffer. Sample was 
loaded into the microchannel for 80 s at a field strength of 300 V/cm and separated at 
156 V/cm. (B) Electropherogram obtained from a 1% PEO coated PMMA chip under 
the same experimental conditions as in a. Microchannel wall was pre-coated for 15 
min prior to LPA gel loading. (C) Separation performed on a glass microchip with a 
straight channel of 7 cm long (Microlyne, Canada) using POP-6 gel. The chip is 20 
µm in depth, 50 µm in width and has a 100 µm twin-T injector. Sample loading was 
performed at 300 V/cm for 60 s and separation at 175 V/cm.  
 
N=3.2 x 105
N=1.3 x 105A
B 
 171
0 3 0 0 6 0 0 9 0 0 1 2 0 0 1 5 0 0 1 8 0 0
0
1 0 0 0
2 0 0 0
3 0 0 0
4 0 0 0
5 0 0 0
6 0 0 0
7 0 0 0
In
te
ns
ity
 (c
ps
)
T i m e  ( s )
6 0 0 6 5 0 7 0 0 7 5 0 8 0 0
5 0 0
1 0 0 0
1 5 0 0
14
012
8,
12
9
12
3
11
1,
11
2
11
4,
11
5
 
Figure 5.5. Continued. 
IRD700 labeled T-terminated fragments on PMMA and glass chips. In all three traces, 
samples were generated using the same sequencing protocol. Figure 5.5A shows a 
trace obtained from a native PMMA chip filled with 4% LPA. Figure 5.5B shows a 
trace obtained from a polyethyleneoxide (PEO) pre-coated PMMA chip filled with the 
same sieving matrix (4% LPA). The coating was accomplished by flushing 1% high-
MW PEO through the channel for 15 minutes prior to the loading of LPA. Trace C 
was a result obtained from a glass chip using POP-6 polymer that possessed self-
coating ability. Three insets provide an expanded view of the same region in each 
trace with base number assigned. Comparison of traces A and C shows that a 10-fold 
higher fluorescence intensity was observed on the PMMA chip compared to that of 
glass. This is mainly due to the increased sample loading volume on the PMMA chip, 
a result of the longer injection plug and deeper channels. The PMMA microchannel 
with the high aspect ratio (~5:1) and 500-µm-long injector defined an injection 
volume of 1.2 nL, which was 10 times more than that on the glass chip (~0.1 nL). 
Moreover, the microscope objective used in this work had a working distance of 0.75 
N=1.1 x 106C 
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mm while the cover plate for the glass chip was 1.1 mm thick. Therefore, the thinner 
cover plate (250 µm) on the PMMA chips offered better laser light focusing into the 
microchannel and better fluorescence collection. Differences in the analysis time 
among the three traces were a result of the different effective separation lengths 
associated with each microchip. Although the two chips possessed different 
topographies, our results have shown that the narrow channel widths (< 20 µm) 
associated with our PMMA chips did not contribute significantly to the band 
broadening in spite of the turns [177]. This suggested that the poor separation 
efficiency was a direct result of the PMMA surface. 
Despite the advantages of using PMMA chips over glass, single-base 
resolution was a real challenge when using these plastic microchips. As can be seen 
from trace A, those adjacent bases, such as base 111 and 112, 114 and 115, 128 and 
129, co-migrated while in glass chips those peaks were resolved. The calculated plate 
numbers also clearly shows the poorer separation efficiency obtained on the PMMA 
chip. Attempts were made to improve the separation efficiencies on the PMMA chips 
by applying different sieving polymers and optimizing the electrophoresis running 
conditions. Several different sieving matrices were evaluated including the newly 
developed high-performance sieving polymer “nanogel”. The “nanogel” is a sparsely 
cross-linked high-molar-mass LPA with low percentage of cross-linker introduced into 
the LPA to provide additional network stabilization. It has been shown to enhance the 
ssDNA separation selectivity and extend the sequencing read length [37]. The 
separation of our sequencing ladders using the PMMA chip and “nanogel” showed 
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slight improvement in separation efficiency. A plate number of 4.8 × 105 for the same 
peak as shown in Figure 5.5 was achieved.  
The main factors that contributed to the poor separation efficiency and 
selectivity in the PMMA chips were attributed to the intrinsic electroosmotic flow and 
possible solute-wall interactions along the PMMA surfaces as indicated by the slight 
peak tailing in Figure 5.5A. This suggested that it would be necessary to perform 
surface coatings on plastic chips for high performance electrophoretic separation of 
ssDNAs. In addition, migration-time reproducibility on these PMMA chips was 
unsatisfactory, which again was attributed to the variation of surface charge from run 
to run caused by adsorption of sample and buffer components to the PMMA surfaces. 
Proper surface coatings are well-known solutions to improve the reproducibility of CE 
separations and are expected to be effective on these polymer surfaces [206].  
As an initial test, a coating procedure was carried out by applying PEO as a 
dynamic coating material. In trace B of Figure 5.5 is shown a separation result on such 
a coated PMMA chip. However, the separation efficiency was only slightly improved 
as demonstrated by the calculated plate numbers. PEO has proven to be good material 
for DNA sequencing for its self-coating ability and sieving power in fused-silica 
capillaries [34]. However, due to the diverse surface properties, approaches for surface 
modification may not necessarily be transferable from one material to another. The 
other possibility is that the coating procedure has not been optimized for the PMMA 
chip. For example, the coating duration could be longer or special surface 
pretreatments may need to be carried out before applying PEO. There have already 
been quite a few self-coating materials used for fused silica capillaries. It would be 
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interesting to investigate their applicability for plastic chips. Recently, a few dynamic 
coating materials that hold good for PMMA surfaces have been reported [207-209]. 
Given the single-use nature of the plastic chips, these dynamic coating materials are 
very appealing.  
We have initiated the development of covalent coating procedures for PMMA 
surfaces to make them suitable for high-performance DNA separations. For example, a 
monolayer of non-cross-linked polyacrylamide could be covalently attached to the 
PMMA microchannel through a series of chemical reactions. EOFs in those coated 
channels have been measured to be on the order of 10-6. The evaluation of these LPA 
coated chips for DNA sequencing is ongoing.  
5.3.2. Lifetime Determinations on PMMA Microchips 
Another important goal of this study was to determine the feasibility of using 
fluorescence lifetimes on these PMMA chips for DNA sequencing. The fluorescence 
decay profiles were constructed by integrating all photocounts over a number of data 
points across an electrophoretic peak. The lifetime was then calculated from the decay 
curve. By calculating lifetimes over 30 peaks in trace A, Figure 5.5, the average 
fluorescence lifetime of IRD700 and the standard deviations were determined to be 
931±18 ps. This result compared favorably to our previous results obtained from a 
glass-chip for the same dye, 986 ± 21 ps [133]. It should be noted that the sequencing 
samples were highly pre-concentrated with a volumetric concentration factor of 20 
prior to the injection in the glass microchip in order to achieve low standard deviation 
in the lifetime measurements. In PMMA chips, however, lifetime measurements with 
high precision were readily achievable without any sample pre-concentration. This is 
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primarily due to the higher sample loading volume associated with the PMMA 
microchips that possessed high-aspect-ratio microstructures. The lower 
autofluorescence resulting from the PMMA substrates when using near-IR contributes 
to the improved photon statistics as well. Despite the fact that the lifetimes calculated 
by monoexponential MLE are biased from the actual values, the high precision of 
lifetime measurements that could be obtained by using the PMMA chips are highly 
desirable in sequencing applications.  
5.3.3. Design and Construction of the Two-color, Time-resolved Fluorescence 
Scanner 
 
The design and performance of the two-color, time-resolved fluorescence 
microscope operated in a static mode has been reported [132, 133]. To expand our 
ability to perform highly multiplexed measurements using fluorescence lifetime 
identification protocols, we have constructed a two-color scanning microscope that 
possesses time-resolved capabilities. Successful development of both hardware and 
software will allow it to scan over the radial design of multi-channel micro-
electrophoresis devices acquiring both steady-state and time-resolved data. 
There are generally two detection strategies that can be used for 
simultaneously reading multiple lanes in sequencing applications: scanning and 
imaging. Both detection schemes have worked for multi-channel micro-devices while 
each scheme has its own advantages and limitations [67, 195, 210]. Scanning detectors 
suffer mainly from their low duty cycles, which constrain the sampling efficiency and 
the speed of migration. Imaging systems offer 100% duty cycles, yet are accompanied 
by inefficient excitation across the entire array. In the case of performing time-
resolved measurements, imaging detectors that possess timing responses appropriate 
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for sub-nanosecond lifetime measurements are uncommon and the cost is high. Thus, 
the scanning scheme was selected. We adapted a rotary scanning strategy. In this 
design, the moving part was simply a cylindrical mirror housing with an objective lens 
sitting on the top surface and two front-surface mirrors (4 × 4 mm) glued at 45° 
relative to the incident laser beam and facing each other. The two mirrors displaced 
the light beam at the desired distance. The right side mirror and the objective lens 
were adjustable for different scanning radii, ranging from 2 mm to 5 mm.  The 
compact size and the small weight of the moving components made it facile for high-
speed scanning. The rotary scanning head was motorized by a stepper motor that 
delivered 200 steps per resolution and a motor driver provided the microstepping 
capability of the device. With 32 micro-steps and a total of 6,400 steps/cycle (up to 
51,200 is possible), the step resolution along the circular path of 4-mm radius was 3.9 
µm/step, adequate for scanning 20 µm wide channels (5 data points per channel per 
scan). At present, the scanner can be operated to 10 Hz.  
As with any scanning system, the sampling of the electrophoresis lanes is done 
in a sequential fashion and the duty cycle is a primary concern due to signal-to-noise 
considerations. In our system, the duty cycle is determined by the scanning rate, 
sampling time and the chip geometry. In order to obtain high scan rates and sufficient 
duty cycles, the scanning motion should be as quick as possible. On the other hand, 
the collection time in each microchannel should be as long as possible to acquire 
enough photon events to construct the fluorescence decay profiles.  
If the microscope scans at a constant rate or in a continuous scanning motion, 
the collection time per microchannel is controlled by the scanning speed and the width 
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of the channel. Simple calculations can provide some insight into the challenges 
associated with this scanning mode. Our current 16-channel microchip has a channel 
width of 20 µm. The scanner head will move over approximately a distance of 25 mm 
at a scanning radius of 4 mm. The total length occupied by the 16 channels only 
accounts for 1.3% of the distance covered by a complete cycle. Even the 96-channel 
high-density-array, as targeted in the future, will raise that number to 7.6%. In 
addition, continuous scanning is often accompanied by continuous data collection. All 
photons detected along the scanning path, including a large amount of scattering from 
the blank area and the channel walls, are collected and processed without 
discrimination, creating massive data overhead. To be able to stop at each channel (20 
µm) for at least once per scan, the motor needed to be operated at more than 1256 
steps per cycle. In the actual experiments, the sampling time at each step needed to be 
at least 20 ms to collect enough photocounts for constructing the fluorescence decay. 
Therefore, it would take 25 s to complete a cycle, which would produce peak aliasing 
since the electrophoretic bands are only a few seconds wide.    
To circumvent the limitations associated with the continuous scanning, we 
implemented a discontinuous scanning mode. In this mode, data acquisition and 
scanning are synchronized by controlling software developed in-house. The scanner 
only scans the area where the channels are present and ceases data collection over all 
other areas. More specifically, the TCSPC board is triggered to start data acquisition 
only at certain positions. The scanning motion and data acquisition continue inside a 
channel from one side to the other until the scanner rotates out of the channel area. 
The scanner then quickly jumps from one channel to the next and starts the next cycle 
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of data acquisition. The discontinuous scanning allowed longer collection times and 
more steps in each channel, avoiding wasting any time in blank areas.  
The challenge associated with this mode is that the channel positions needed to 
be determined precisely before each experiment. This was done through a process 
called channel registry. One way of doing this is to employ markers on the microchip 
with known coordinates relative to the channel positions. A pre-scan of the microchip 
will locate these markers and therefore, locate the exact position of the channels. The 
channel positions are then properly registered into the program telling the scanner 
where to stop for scanning and data collection. The simplest marker we have 
employed for testing were the microchannels themselves filled with fluorescent dyes. 
In Figure 5.6 is shown a result from a pre-scan for determining the channel positions.  
In this experiment, all 16 channels were filled with a fluorescent dye 
(AlexaFluor 680). The scanner finished a complete scanning cycle at a constant rate. 
Fluorescence generated from each channel were collected and plotted against the time 
or the step of rotation. Sixteen peaks in the diagram represent 16 channels. The base 
line is generated from the blank area containing no dyes. Each peak has a certain 
width corresponding to the width of the channels and can be recorded as rotational 
steps of the scanner head. With this pre-scan result, the start and the stop of the 
channel at a specific step can be registered into the program for channel positioning. 
Other markers, such as a metal line embedded into the microchip at a precise location, 
can also be used.  
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Figure 5.6. A continuous scan map of a 16-channel PMMA chip with all channels 
filled with AlexaFluor 680 fluorescent dye at a concentration of 10 nM. 
 
Ideally, the channel registry method should identify the channel with high 
precision. In practice, mechanical design of the stepper motor limits the successful 
realization of this method. Depending on the step resolution selected, the step size 
varied from a few micrometers to hundreds of micrometers. In the case of our 16-
channel chip, the channel width is only 20 µm. Small differences in step size can 
cause complete failure of channel positioning. One solution to this problem is to 
increase the step resolution and make each step small enough so that step variations 
are negligible. From our test result, 6400 steps/scan at a scanning rate of 2 Hz was 
determined to be the optimum scanning and positioning condition. In addition, we 
found that the motor provided the best positioning accuracy at full step positions. All 
positioning shifts after repeated scans were accumulated by the poor precision of the 
sub-step movements introduced by the motor driver. The motor provided 200 full 
steps per cycle with all steps equally spaced along the scanning circular path and 1.8º 
Intensity 
(counts/s) 
Time (s) 
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angle differences between adjacent steps. This offered an alternative solution for 
accurately positioning the channels, which required all microchannels configured at 
the full step sizes and the total number of channels be divisible by 200. Our tests 
showed excellent positioning results by stopping the motor in those channels at full 
step positions.  
Other important issues associated with the scanner operation include the proper 
alignment of the optical system for sensitive detection during scanning. The incident 
laser beam and all mirrors used in the system need to be in their exact positions. In a 
scanning motion, any deviation in the light path will be magnified and result in 
different sensitivity at different channels. In addition, the microchip plane needs to be 
exactly parallel to the objective focal plane and at the focal point. Slight unevenness 
will result in large differences of the illumination and detection efficiency in each 
microchannel. To achieve this, a chip holder was designed as an integrated component 
of the scanner and mounted onto the scanner head with fine threads to adjust the chip 
height.  
5.4. Conclusions 
We are developing polymer-based micro-devices for high-throughput and 
high-performance DNA sequencing applications. PMMA-based microchips have been 
tested for electrophoretic separation of Sanger sequencing fragments. The time-
resolved fluorescence detector has demonstrated its capability in performing lifetime 
measurements on PMMA microchips for DNA base identification. Fluorescence 
lifetime measurements carried out by this detector have shown it to have high 
precision and accuracy. High fluorescence intensity obtained from the PMMA chip 
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compared to glass-based chips is a direct result of the high-aspect-ratio 
microstructures that can be fabricated on polymer materials. In addition, the high 
flexibility in microfabrication techniques as well as the low cost associated with the 
polymer chips makes them attractive for modern analytical applications with the 
potential of being developed as single-use devices. The challenges associated with 
these polymer chips for DNA sequencing is their surface chemistry. Our results in 
ssDNA separations on native PMMA chips have shown the lack of single-based 
resolution. The solution to this problem lies in proper surface modifications of the 
PMMA substrate to minimize the EOF and potential analyte-wall interactions. Our 
preliminary results of EOF measurements on modified chips have shown substantial 
improvements. Both the dynamic coating and covalent coating are under investigation 
with the goals of achieving single-base resolution on PMMA and making this 
substrate suitable for DNA sequencing.  
The development of the time-resolved scanner for reading fluorescence from 
multi-channel micro-devices has demonstrated the potential and feasibility of 
performing high-throughput DNA sequencing. The compact scanner head has the 
ability to scan over multi-channel microchips with high speed and positional accuracy. 
Based on our calculations and test results, we conclude that the discontinuous 
scanning mode is more practical for performing time-resolved measurements in 
miniaturized separation channels. The design and fabrication of the 16-channel 
PMMA microchips has also been presented. The use of the electrode patterned cover 
plate can simplify electrode handling and at the same time increase the buffer volume 
in the reservoirs.  
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CHAPTER 6. SUMMARY AND FUTURE WORK 
6.1. Summary 
A unique multiplexed fluorescence readout method has been developed, which 
involves the use of fluorescence color multiplexing coupled to time-resolved 
multiplexing (lifetime discrimination). This strategy has been successfully coupled to 
both capillary and microchips for on-line lifetime and color sorting in DNA 
sequencing applications. The combination of lifetime and color identification 
increases the fluorescence multiplexing capability. The collection of the steady-state 
information by preserving it during time-resolved measurements allows more 
information to be obtained in a single gel electrophoresis lane, and therefore increases 
sequencing throughput. A state-of-the-art separation platform — microchip, has 
demonstrated its advances in terms of speed, parallelism, and automation. Toward 
developing miniaturized, high throughput and low cost DNA sequencing protocols, a 
unique highly multiplexed fluorescence scanner is being developed to be incorporated 
with a polymer-based multi-channel DNA sequencing system.  
Background information related to DNA sequencing was outlined in Chapter 1. 
The theory of electrophoresis and its format for DNA sequencing developed from the 
traditional slab gel to the capillary and micro-device were discussed and reviewed.  
Chapter 2 focused on fluorescence and its use as a detection strategy for DNA 
sequencing. The theory of fluorescence was introduced, with emphasis on time-
resolved fluorescence measurements. A general review of fluorescence dyes, as well 
as a variety of fluorescence detection strategy was provided. The advantages of using 
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fluorescence in the near-IR and the use of lifetime-based DNA sequencing strategies 
were emphasized.  
In Chapter 3, the construction of a two-color, time-resolved fluorescence 
microscope was described in detail. As the first application, the microscope was tested 
on a capillary and successfully carried out two-color, two-lifetime sequencing. 
Spectral leakage or cross-talk between color channels, the historical problem 
accompanying almost all color discrimination methods, was eliminated by utilizing the 
time-resolved capabilities intrinsic in the hybrid detector. Both color channels 
demonstrated superior detection limits (10-21 mol) due to the application of near-IR 
fluorescence, resulting from the low background and reduced scattering effects in this 
region. 
The applicability and sensitivity of the two-color, time-resolved microscope 
has been further evaluated by coupling it to micro-devices. As described in Chapter 4, 
a short-channel glass-based microchip was used for electrophoresis with lifetime 
identification in each color channel carried out with high precision despite the low 
loading levels associated with the microchips. However, sample preconcentration was 
shown to be important in such microchips.  
The nature of plastic materials, such as their flexibility, ease of machining and 
low cost, makes them very attractive substrate materials for microchips. Developing 
polymer-based devices for DNA sequencing has been an important component of this 
project. In this study, PMMA was the material of choice because of its suitable optical 
and chemical properties. Chapter 5 summarized DNA separations performed on 
PMMA microchips, as well as the status of the fluorescence scanner development. Our 
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results have shown the feasibility of using plastic substrates for lifetime identification 
in DNA sequencing, though the surface chemistry needs to be further investigated for 
optimum performance. To expand the ability of the two-color, time-resolved 
fluorescence detector to perform multi-channel detection as required for high-
throughput applications, the static microscope has undergone dramatic modifications 
so that it can be operated in a scanning mode. The design and performance of the 
scanner were evaluated. 
6.2. Future Work 
6.2.1. Two-color, Time-resolved Fluorescence Scanner  
The construction of the two-color, time-resolved scanner has been described in 
Chapter 5. At present, the scanner can scan at a scanning rate up to 10 Hz and a step 
resolution as small as ~4 µm while collecting time-resolved data from microchips. The 
discontinuous scanning mode has been implemented to remedy the limited duty cycles 
that are inherent in the scanning strategy. Using discontinuous scanning, 
microchannles are precisely located by counting the scanning steps and data 
acquisition is synchronized with the scanning action in each microchannel. The 
sensitivity and timing characteristics of the time-resolved scanner are to be 
determined. The ability of the scanner to perform fluorescence lifetime measurements 
from microchip arrays and the precision of the measurements will be investigated.  
While the primary limitation associated with the scanning system is the low 
sampling efficiency, which is determined by the duty cycle, fluorescence imaging 
detector offers 100% duty cycles. Our next generation of time-resolved fluorescence 
microscope for performing detection from multi-channel microchips would involve 
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the use of fluorescence time-resolved imaging. The pulsed laser would simultaneously 
irradiate a series of microchannels configured on a chip. The resulting time-resolved 
fluorescence would then be collected by a relay optic and imaged onto a gated 
intensified CCD (ICCD) camera. The gated ICCD consists of an image intensifier that 
provides high sensitivity and acts as an extremely fast optical shutter. With the fast 
shutter opening at a high repetition rate, the fluorescence decay is traced in a sequence 
of images with varying delays between excitation pulse and gate.  At present, ultrafast 
gated ICCDs with shutter speed as fast as 50 ps are available, for example, the 
PicoStar UF 12-QE camera system (LaVision Inc. Ypsilani, MI). They offer high 
temporal resolution, making fluorescence lifetime imaging for DNA sequencing 
applications feasible. Fluorescence lifetimes can be measured with a precision of a few 
picoseconds. A few operational characteristics of the gated ICCD that would be used 
in the future lifetime imaging system include, gate width down to 50 ps; trigger 
frequency up to 1 kHz; gain modulation up to 1 GHz; and 16 bit dynamic range. 
6.2.2. Two-color, Four-lifetime Sequencing 
With the commercially available near-IR dyes, we have demonstrated the two-
color, two-lifetime format for DNA sequencing using our two-color time-resolved 
microscope. Our goal will be to use the two-color system to perform two-color, four-
lifetime sequencing, which will allow simultaneous sequencing from both ends of a 
dsDNA, which would require the simultaneous reporting of 8 different fluorescent 
reporters. The implementation of this sequencing strategy will not only increase 
sequencing throughput, but assist in gap closure in shotgun sequencing. In such a 
sequencing strategy, two dye sets (total of 8 dyes) that have substantially different 
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emission maxima and possess 4 distinct fluorescence lifetimes on each color channel 
are needed. The development of suitable dye sets is the key to the development of the 
time-resolved approach for DNA sequencing.  
The dye sets that are appropriate for this application are currently under 
development. They are phthalocyanine (Pc) and naphthalocyanine (Npc) dyes [98, 99, 
107]. By varying the position of alkoxy groups on the base phthalonitriles, the 
absorption maxima of the base dye shifts from 680 (dye a) to 780 nm (Dye b). Figure 
6.1 shows the chemical structures of two Zinc-incorporated water-soluble Pc and Npc 
dyes. By incorporating different metal centers (Zn, Ga, Al and Sn), distinct 
fluorescence lifetimes can be achieved without altering the spectral properties [106]. 
These near-IR dyes possess high photochemical and chemical stabilities, as well as 
relatively long fluorescent lifetimes [103-105]. In addition, DNA fragments labeled 
with these dyes will have identical mobilities due to their almost identical chemical 
structures. These characteristics make them excellent choices for two-color, four-
lifetime sequencing.  
                    
                                      A                                                            B 
 
Figure 6.1. Chemical structures of Zn-Pc and Zn-Npc dyes. Zinc at the center of the 
structures can be replaced by different metals, producing varied fluorescence lifetimes.  
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6.2.3. Multi-channel Modular Microfluidic System  
Our ultimate goal is to realize a multi-channel modular microfluidic system 
that consists of different processing units interconnected to carry out various steps 
involved in DNA sequencing. They include PCR amplification, PCR purification, 
cycle sequencing, sequencing sample purification and fractionation of DNA 
sequencing fragments (Figure 6.2). Each module consists of a multi-channel polymer-
chip designed to carry out a specific assay with the integrated system providing high-
speed and high-throughput DNA sequencing. The two-color scanner will be integrated 
into this modular system to carry out the final step: electrophoretic sorting of the DNA 
ladders and identifying bases via time-resolved, near-IR fluorescence from a multi-
channel PMMA microchip.  
 
 
Figure 6.2. Schematic of the integrated modular microfluidic system for automatic 
high-throughput DNA sequencing. Raw samples are subcloned DNA sequencing 
templates from M13 vector. Each plate represents a modular unit and consists of a 
polymer-chip and interconnecting accessories. 
 
 
 188
REFERENCES 
1. Lander, E.S., et al., Initial sequencing and analysis of the human genome. 
Nature (London, United Kingdom), 2001. 409(6822): p. 860-921. 
 
2. Collins, F.S., et al., A vision for the future of genomics research. Nature 
(London, United Kingdom), 2003. 422(6934): p. 835-847. 
 
3. Onyango, P., The role of emerging genomics and proteomics technologies in 
cancer drug target discovery. Current Cancer Drug Targets, 2004. 4(2): p. 111-
124. 
 
4. Hardison, R.C., Comparative genomics. PLoS Biology, 2003. 1(2): p. 156-160. 
 
5. Watson, J.D. and F.H. Crick, Molecular structure of nucleic acids; a structure 
for deoxyribose nucleic acid. Nature, 1953. 171(4356): p. 737-8. 
 
6. Chen, E.Y., D. Schlessinger, and J. Kere, Ordered shotgun sequencing, a 
strategy for integrated mapping and sequencing of YAC clones. Genomics, 
1993. 17(3): p. 651-6. 
 
7. Weber, J.L. and E.W. Myers, Human whole-genome shotgun sequencing. 
Genome Research, 1997. 7(5): p. 401-409. 
 
8. Venter, J.C., et al., The sequence of the human genome. Science, 2001. 
291(5507): p. 1304. 
 
9. Maxam, A.M. and W. Gilbert, A new method for sequencing DNA. 
Proceedings of the National Academy of Sciences of the United States of 
America, 1977. 74(2): p. 560-4. 
 
10. Sanger, F., S. Nicklen, and A.R. Coulson, DNA sequencing with chain-
terminating inhibitors. Proceedings of the National Academy of Sciences of 
the United States of America, 1977. 74(12): p. 5463-7. 
 
11. Thorne, H.V., Electrophoretic characterization and fractionation of polyoma 
virus DNA. Journal of Molecular Biology, 1967. 24(2): p. 203-11. 
 
12. McGregor, D.A. and E.S. Yeung, Optimization of capillary electrophoretic 
separation of DNA fragments based on polymer filled capillaries. Journal of 
Chromatography, 1993. 652(1): p. 67-73. 
 
13. Drossman, H., et al., High-speed separations of DNA sequencing reactions by 
capillary electrophoresis. Analytical Chemistry, 1990. 62(9): p. 900-3. 
 
 189
14. Jorgenson, J.W. and K. DeArman Lukacs, High-resolution separations based 
on electrophoresis and electroosmosis. Journal of Chromatography, 1981. 218: 
p. 209-16. 
 
15. Chiari, M., F. Damin, and J.C. Reijenga, Characterization of 
poly(dimethylacrylamide) and the combination of poly(vinyl alcohol) and 
cetyltrimethylammonium bromide as dynamic electroosmotic flow suppression 
agents in capillary electrophoresis. Journal of Chromatography, A, 1998. 
817(1 + 2): p. 15-23. 
 
16. Doherty, E.A.S., et al., Critical factors for high-performance physically 
adsorbed (dynamic) polymeric wall coatings for capillary electrophoresis of 
DNA. Electrophoresis, 2002. 23(16): p. 2766-2776. 
 
17. Cretich, M., et al., Electroosmotic flow suppression in capillary 
electrophoresis: Chemisorption of trimethoxy silane-modified 
polydimethylacrylamide. Electrophoresis, 2005. 26(10): p. 1913-1919. 
 
18. Woolley, A.T. and R.A. Mathies, Ultra-High-Speed DNA Sequencing Using 
Capillary Electrophoresis Chips. Analytical Chemistry, 1995. 67(20): p. 3676-
80. 
 
19. Noolandi, J., Polymer dynamics in electrophoresis of DNA. Annual review of 
physical chemistry, 1992. 43: p. 237-56. 
 
20. Grossman, P.D., J.C. Colburn, and Editors, Capillary Electrophoresis: Theory 
& Practice. 1992. 352 pp. 
 
21. Barbier, V. and J.-L. Viovy, Advanced polymers for DNA separation. Current 
Opinion in Biotechnology, 2003. 14(1): p. 51-57. 
 
22. Buchholz, B.A., W. Shi, and A.E. Barron, Microchannel DNA sequencing 
matrices with switchable viscosities. Electrophoresis, 2002. 23(10): p. 1398-
1409. 
 
23. Righetti, P.G., Of matrices and men. Journal of Biochemical and Biophysical 
Methods, 1989. 19(1): p. 1-20. 
 
24. Carrilho, E., et al., Rapid DNA Sequencing of More Than 1000 Bases per Run 
by Capillary Electrophoresis Using Replaceable Linear Polyacrylamide 
Solutions. Analytical Chemistry, 1996. 68(19): p. 3305-3313. 
 
25. Salas-Solano, O., et al., Routine DNA sequencing of 1000 bases in less than 
one hour by capillary electrophoresis with replaceable linear polyacrylamide 
solutions. Analytical Chemistry, 1998. 70(19): p. 3996-4003. 
 
 190
26. Zhou, H., et al., DNA Sequencing up to 1300 Bases in Two Hours by Capillary 
Electrophoresis with Mixed Replaceable Linear Polyacrylamide Solutions. 
Analytical Chemistry, 2000. 72(5): p. 1045-1052. 
 
27. Goetzinger, W., et al., Characterization of high molecular mass linear 
polyacrylamide powder prepared by emulsion polymerization as a replaceable 
polymer matrix for DNA sequencing by capillary electrophoresis. 
Electrophoresis, 1998. 19(2): p. 242-248. 
 
28. Ruiz-Martinez, M.C., et al., DNA sequencing by capillary electrophoresis with 
replaceable linear polyacrylamide and laser-induced fluorescence detection. 
Analytical Chemistry, 1993. 65(20): p. 2851-8. 
 
29. Schmalzing, D., et al., DNA sequencing on microfabricated electrophoretic 
devices. Analytical Chemistry, 1998. 70(11): p. 2303-2310. 
 
30. Liu, S.R., et al., Optimization of high-speed DNA sequencing on 
microfabricated capillary electrophoresis channels. Analytical Chemistry, 
1999. 71(3): p. 566-573. 
 
31. Koutny, L., et al., Eight hundred base sequencing in a microfabricated 
electrophoretic device. Analytical Chemistry, 2000. 72(14): p. 3388-3391. 
 
32. Salas-Solano, O., et al., Optimization of high-performance DNA sequencing on 
short microfabricated electrophoretic devices. Analytical Chemistry, 2000. 
72(14): p. 3129-3137. 
 
33. Madabhushi, R.S., Separation of 4-color DNA sequencing extension products 
in noncovalently coated capillaries using low viscosity polymer solutions. 
Electrophoresis, 1998. 19(2): p. 224-30. 
 
34. Fung, E.N. and E.S. Yeung, High-Speed DNA Sequencing by Using Mixed 
Poly(ethylene oxide) Solutions in Uncoated Capillary Columns. Analytical 
Chemistry, 1995. 67(13): p. 1913-19. 
 
35. Kim, Y. and E.S. Yeung, DNA sequencing with pulsed-field capillary 
electrophoresis in poly(ethylene oxide) matrix. Electrophoresis, 1997. 18(15): 
p. 2901-8. 
 
36. Gao, Q. and E.S. Yeung, A matrix for DNA separation: genotyping and 
sequencing using poly(vinylpyrrolidone) solution in uncoated capillaries. 
Analytical chemistry, 1998. 70(7): p. 1382-8. 
 
37. Doherty, E.A.S., C.W. Kan, and A.E. Barron, Sparsely cross-linked "nanogels" 
for microchannel DNA sequencing. Electrophoresis, 2003. 24(24): p. 4170-
4180. 
 191
 
38. Sudor, J., et al., New block-copolymer thermo-associating matrices for DNA 
sequencing: effect of molecular structure on rheology and resolution. 
Electrophoresis, 2001. 22(4): p. 720-728. 
 
39. Ansorge, W., et al., Automated DNA sequencing: ultrasensitive detection of 
fluorescent bands during electrophoresis. Nucleic Acids Research, 1987. 
15(11): p. 4593-602. 
 
40. Ansorge, W., et al., A non-radioactive automated method for DNA sequence 
determination. Journal of Biochemical and Biophysical Methods, 1986. 13(6): 
p. 315-23. 
 
41. Prober, J.M., et al., A system for rapid DNA sequencing with fluorescent chain-
terminating dideoxynucleotides. Science (Washington, DC, United States), 
1987. 238(4825): p. 336-41. 
 
42. Smith, L.M., et al., Fluorescence detection in automated DNA sequence 
analysis. Nature (London, United Kingdom), 1986. 321(6071): p. 674-9. 
 
43. Kieleczawa, J., J.J. Dunn, and F.W. Studier, DNA sequencing by primer 
walking with strings of contiguous hexamers. Science (Washington, DC, 
United States), 1992. 258(5089): p. 1787-91. 
 
44. Giesecke, H., et al., Rapid sequencing of the Sendai virus 6..8 kb large (L) 
gene through primer walking with an automated DNA sequencer. Journal of 
Virological Methods, 1992. 38(1): p. 47-60. 
 
45. Voss, H., et al., Automated low-redundancy large-scale DNA sequencing by 
primer walking. BioTechniques, 1993. 15(4): p. 714-16, 718-21. 
 
46. Lee, L.G., et al., DNA sequencing with dye-labeled terminators and T7 DNA 
polymerase: effect of dyes and dNTPs on incorporation of dye-terminators and 
probability of termination fragments. Nucleic Acids Research, 1992. 20(10): p. 
2471-83. 
 
47. Garoff, H. and W. Ansorge, Improvements of DNA sequencing gels. Analytical 
Biochemistry, 1981. 115(2): p. 450-7. 
 
48. Kostichka, A.J., et al., High speed automated DNA sequencing in ultrathin 
slab gels. Bio/Technology, 1992. 10(1): p. 78-81. 
 
49. Biggin, M.D., T.J. Gibson, and G.F. Hong, Buffer gradient gels and sulfur-35 
label as an aid to rapid DNA sequence determination. Proceedings of the 
National Academy of Sciences of the United States of America, 1983. 80(13): 
p. 3963-5. 
 192
 
50. Cohen, A.S., et al., Rapid separation and purification of oligonucleotides by 
high-performance capillary gel electrophoresis. Proceedings of the National 
Academy of Sciences of the United States of America, 1988. 85(24): p. 9660-
3. 
 
51. Swerdlow, H. and R. Gesteland, Capillary gel electrophoresis for rapid, high 
resolution DNA sequencing. Nucleic Acids Research, 1990. 18(6): p. 1415-19. 
 
52. Luckey, J.A., et al., High speed DNA sequencing by capillary electrophoresis. 
Nucleic Acids Research, 1990. 18(15): p. 4417-21. 
 
53. Karger, A.E., J.M. Harris, and R.F. Gesteland, Multiwavelength fluorescence 
detection for DNA sequencing using capillary electrophoresis. Nucleic Acids 
Research, 1991. 19(18): p. 4955-62. 
 
54. Carson, S., et al., DNA sequencing by capillary electrophoresis: use of a two-
laser-two-window intensified diode array detection system. Analytical 
Chemistry, 1993. 65(22): p. 3219-26. 
 
55. Kambara, H. and S. Takahashi, Multiple-sheathflow capillary array DNA 
analyser. Nature, 1993. 361(6412): p. 565-6. 
 
56. Takahashi, S., et al., Multiple Sheath-Flow Gel Capillary-Array 
Electrophoresis for Multicolor Fluorescent DNA Detection. Analytical 
Chemistry, 1994. 66(7): p. 1021-6. 
 
57. Huang, X.C., M.A. Quesada, and R.A. Mathies, DNA sequencing using 
capillary array electrophoresis. Analytical Chemistry, 1992. 64(18): p. 2149-
54. 
 
58. Huang, X.C., M.A. Quesada, and R.A. Mathies, Capillary array 
electrophoresis using laser-excited confocal fluorescence detection. Analytical 
Chemistry, 1992. 64(8): p. 967-72. 
 
59. Woolley, A.T. and R.A. Mathies, Ultra-high-speed DNA fragment separations 
using microfabricated capillary array electrophoresis chips. Proceedings of 
the National Academy of Sciences of the United States of America, 1994. 
91(24): p. 11348-52. 
 
60. Woolley, A.T., G.F. Sensabaugh, and R.A. Mathies, High-Speed DNA 
Genotyping Using Microfabricated Capillary Array Electrophoresis Chips. 
Analytical Chemistry, 1997. 69(11): p. 2181-2186. 
 
61. Liu, S., Ren, H., Gao, Q., Roach, D.J., Loder Jr., R.T., Armstrong, T.M., Mao, 
Q., Blaga, I., Barker, D.L., Jovanovich, S.B., Automated parallel DNA 
 193
sequencing on multiple channel microchips. Proceedings of the National 
Academy of Sciences, USA, 2000. 97(10): p. 5369-5374. 
 
62. Simpson, P.C., et al., High-throughput genetic analysis using microfabricated 
96- sample capillary array electrophoresis microplates. Proceedings of the 
National Academy of Sciences of the United States of America, 1998. 95(5): p. 
2256-2261. 
 
63. Paegel, B.M.E., C.A.; Wedemayer, G.J.; Scherer, J.R.; Mathies, R.A., High 
Throughput DNA Sequencing with a Microfabricated 96-Lane Capillary Array 
Electrophoresis Bioprocessor. Proceedings of the National Academy of 
Sciences of the United States of America, 2002. 99(2): p. 574-579. 
 
64. Culbertson, C.T., S.C. Jacobson, and J.M. Ramsey, Dispersion sources for 
compact geometries on microchips. Analytical Chemistry, 1998. 70(18): p. 
3781-3789. 
 
65. Paegel, B.M., et al., Turn Geometry for Minimizing Band Broadening in 
Microfabricated Capillary Electrophoresis Channels. Analytical Chemistry, 
2000. 72(14): p. 3030-3037. 
 
66. Emrich, C.A., et al., Microfabricated 384-lane capillary array electrophoresis 
bioanalyzer for ultrahigh-throughput genetic analysis. Analytical Chemistry, 
2002. 74(19): p. 5076-5083. 
 
67. Aborn, J.H., et al., A 768-lane microfabricated system for high-throughput 
DNA sequencing. Lab on a Chip, 2005. 5(6): p. 669-674. 
 
68. Lakowicz, J.R., Principles of Fluorescence Spectroscopy. 1999: p. 698pp. 
 
69. Imasaka, T., et al., Pulsed semiconductor laser fluorometry for lifetime 
measurements. Analytical Chemistry, 1985. 57(4): p. 947-9. 
 
70. Bowman, L.E., K.A. Berglund, and D.G. Nocera, A single photon timing 
instrument that covers a broad temporal range in the reversed timing 
configuration. Review of Scientific Instruments, 1993. 64(2): p. 338-41. 
 
71. Haugen, G.R., B.W. Wallin, and F.E. Lytle, Optimization of data-acquistion 
rates in time-correlated single-photon fluorimetry. Review of Scientific 
Instruments, 1979. 50(1): p. 64-72. 
 
72. Soper, S.A. and B.L. Legendre, Jr., Error analysis of simple algorithms for 
determining fluorescence lifetimes in ultradilute dye solutions. Applied 
Spectroscopy, 1994. 48(3): p. 400-5. 
 
 194
73. Hall, P. and B. Selinger, Better estimates of exponential decay parameters. 
Journal of Physical Chemistry, 1981. 85(20): p. 2941-6. 
 
74. Ballew, R.M. and J.N. Demas, An error analysis of the rapid lifetime 
determination method for the evaluation of single exponential decays. 
Analytical Chemistry, 1989. 61(1): p. 30-3. 
 
75. Koellner, M., et al., Fluorescence pattern recognition for ultrasensitive 
molecule identification: comparison of experimental data and theoretical 
approximations. Chemical Physics Letters, 1996. 250(3,4): p. 355-60. 
 
76. Soper, S.A., et al., DNA sequencing using fluorescence detection. Biomedical 
Photonics Handbook, 2003: p. 53/1-53/48, 2 plates. 
 
77. Metzker, M.L., J. Lu, and R.A. Gibbs, Electrophoretically uniform fluorescent 
dyes for automated DNA sequencing. Science (Washington, D. C.), 1996. 
271(5254): p. 1420-2. 
 
78. Ju, J.Y., et al., Fluorescence Energy-Transfer Dye-Labeled Primers for DNA- 
Sequencing and Analysis. Proceedings of the National Academy of Sciences of 
the United States of America, 1995. 92(10): p. 4347-4351. 
 
79. Ju, J.Y., et al., Design and Synthesis of Fluorescence Energy-Transfer Dye- 
Labeled Primers and Their Application for DNA-Sequencing and Analysis. 
Analytical Biochemistry, 1995. 231(1): p. 131-140. 
 
80. Ju, J.Y., A.N. Glazer, and R.A. Mathies, Cassette labeling for facile 
construction of energy transfer fluorescent primers. Nucleic Acids Research, 
1996. 24(6): p. 1144-1148. 
 
81. Hung, S.C., R.A. Mathies, and A.N. Glazer, Optimization of spectroscopic and 
electrophoretic properties of energy transfer primers. Analytical Biochemistry, 
1997. 252(1): p. 78-88. 
 
82. Hung, S.C., R.A. Mathies, and A.N. Glazer, Comparison of fluorescence 
energy transfer primers with different donor-acceptor dye combinations. 
Analytical Biochemistry, 1998. 255(1): p. 32-38. 
 
83. Rosenblum, B.B., et al., New dye-labeled terminators for improved DNA 
sequencing patterns. Nucleic Acids Research, 1997. 25(22): p. 4500-4504. 
 
84. Kumar, S., et al., Dideoxy dye-labeled terminators for DNA sequencing. 1999, 
(Amersham Pharmacia Biotech, Inc., USA). Application: WO. 40 pp. 
 
 195
85. Williams, D.C. and S.A. Soper, Ultrasensitive Near-IR Fluorescence Detection 
for Capillary Gel Electrophoresis and DNA Sequencing Applications. 
Analytical Chemistry, 1995. 67(19): p. 3427-32. 
 
86. Gilson, T.R. and P.J. Hendra, Laser Raman Spectroscopy. 1970. 266 pp. 
 
87. Middendorf, L.R., et al., A versatile infrared laser scanner/electrophoresis 
apparatus. Proceedings of SPIE-The International Society for Optical 
Engineering, 1993. 1885(Proceedings of Advances in Fluorescence Sensing 
Technology, 1993): p. 423-34. 
 
88. Patonay, G. and M.D. Antoine, Near-infrared fluorogenic labels: new 
approach to an old problem. Analytical Chemistry, 1991. 63(6): p. 321A-
322A, 324A-327A. 
 
89. Mujumdar, R.B., et al., Cyanine dye labeling reagents containing 
isothiocyanate groups. Cytometry, 1989. 10(1): p. 11-19. 
 
90. Strekowski, L., et al., Functionalization of near-infrared cyanine dyes. Journal 
of Heterocyclic Chemistry, 1996. 33(6): p. 1685-1688. 
 
91. Soper, S.A. and Q.L. Mattingly, Steady-State and Picosecond Laser 
Fluorescence Studies of Nonradiative Pathways in Tricarbocyanine Dyes: 
Implications to the Design of Near-IR Fluorochromes with High Fluorescence 
Efficiencies. Journal of the American Chemical Society, 1994. 116(9): p. 3744-
52. 
 
92. Middendorf, L.R., et al., Continuous, on-line DNA sequencing using a 
versatile infrared laser scanner/electrophoresis apparatus. Electrophoresis, 
1992. 13(8): p. 487-94. 
 
93. Strekowski, L., M. Lipowska, and G. Patonay, Facile derivatizations of 
heptamethine cyanine dyes. Synthetic Communications, 1992. 22(17): p. 2593-
8. 
 
94. Strekowski, L., M. Lipowska, and G. Patonay, Substitution reactions of a 
nucleofugal group in heptamethine cyanine dyes. Synthesis of an 
isothiocyanato derivative for labeling of proteins with a near-infrared 
chromophore. Journal of Organic Chemistry, 1992. 57(17): p. 4578-80. 
 
95. Lipowska, M., G. Patonay, and L. Strekowski, New near-infrared cyanine dyes 
for labeling of proteins. Synthetic Communications, 1993. 23(21): p. 3087-94. 
 
96. Shealy, D.B., et al., Synthesis, Chromatographic Separation, and 
Characterization of Near-Infrared Labeled DNA Oligomers for Use in DNA 
Sequencing. Analytical Chemistry, 1995. 67(2): p. 247-51. 
 196
 
97. Flanagan, J.H., Jr., et al., Near-infrared heavy-atom-modified fluorescent dyes 
for base-calling in DNA-sequencing applications using temporal 
discrimination. Analytical Chemistry, 1998. 70(13): p. 2676-2684. 
 
98. Wrobel, D. and A. Boguta, Study of the influence of substituents on 
spectroscopic and photoelectric properties of zinc phthalocyanines. Journal of 
Photochemistry and Photobiology, A: Chemistry, 2002. 150(1-3): p. 67-76. 
 
99. Kobayashi, N., et al., Effect of peripheral substitution on the electronic 
absorption and fluorescence spectra of metal-free and zinc phthalocyanines. 
Chemistry--A European Journal, 2003. 9(20): p. 5123-5134. 
 
100. Bradbrook, E.F. and R.P. Linstead, Preparation of the ten 
dicyanonaphthalenes and the related naphthalenedicarboxylic acids. Journal 
of the Chemical Society, Abstracts, 1936: p. 1739-44. 
 
101. Kovshev, E.I. and E.A. Luk'yanets, Phthalocyanines and related compounds. 
XI. Substituted 2,3-naphthalocyanines. Zhurnal Obshchei Khimii, 1972. 42(7): 
p. 1593-7. 
 
102. Sharman, W.M., S.V. Kudrevich, and J.E. van Lier, Novel water-soluble 
phthalocyanines substituted with phosphonate moieties on the benzo rings. 
Tetrahedron Letters, 1996. 37(33): p. 5831-5834. 
 
103. Wheeler, B.L., et al., A silicon phthalocyanine and a silicon naphthalocyanine: 
synthesis, electrochemistry, and electrogenerated chemiluminescence. Journal 
of the American Chemical Society, 1984. 106(24): p. 7404-10. 
 
104. Casay, G.A., et al., Spectroscopic investigations of a tetrasubstituted aluminum 
naphthalocyanine near-infrared compounds. Spectroscopy Letters, 1994. 
27(4): p. 417-37. 
 
105. McCubbin, I. and D. Phillips, The photophysics and photostability of zinc(II) 
and aluminum(III) sulfonated naphthalocyanines. Journal of Photochemistry, 
1986. 34(2): p. 187-95. 
 
106. Shen, T., Z. Yuan, and H. Xu, Fluorescent properties of phthalocyanines. 
Dyes and Pigments, 1989. 11(1): p. 77-80. 
 
107. Hammer, R.P., et al., Asymmetrical, water-soluble phthalocyanine dyes for 
covalent labeling of oligonucleotides. Bioconjugate Chemistry, 2002. 13(6): p. 
1244-1252. 
 
 197
108. Ambroz, M., et al., Preparative, analytical and fluorescence spectroscopic 
studies of sulfonated aluminium phthalocyanine photosensitizers. Journal of 
Photochemistry and Photobiology, B: Biology, 1991. 9(1): p. 87-95. 
 
109. Duthie, R.S., et al., Novel Cyanine Dye-Labeled Dideoxynucleoside 
Triphosphates for DNA Sequencing. Bioconjugate Chemistry, 2002. 13(4): p. 
699-706. 
 
110. Ansorge, W., et al., One label, one tube, Sanger DNA sequencing in one and 
two lanes on a gel. Nucleic Acids Research, 1990. 18(11): p. 3419-20. 
 
111. Tabor, S. and C.C. Richardson, DNA sequence analysis with a modified 
bacteriophage T7 DNA polymerase. Effect of pyrophosphorolysis and metal 
ions. Journal of Biological Chemistry, 1990. 265(14): p. 8322-8. 
 
112. Tabor, S. and C.C. Richardson, DNA sequence analysis with a modified 
bacteriophage T7 DNA polymerase. Proceedings of the National Academy of 
Sciences of the United States of America, 1987. 84(14): p. 4767-71. 
 
113. Pentoney, S.L., Jr., K.D. Konrad, and W. Kaye, A single-fluor approach to 
DNA sequence determination using high performance capillary 
electrophoresis. Electrophoresis, 1992. 13(8): p. 467-74. 
 
114. Swerdlow, H., et al., Three DNA sequencing methods using capillary gel 
electrophoresis and laser-induced fluorescence. Analytical Chemistry, 1991. 
63(24): p. 2835-41. 
 
115. Chen, D., H.R. Harke, and N.J. Dovichi, Two-label peak-height encoded DNA 
sequencing by capillary gel electrophoresis: three examples. Nucleic Acids 
Research, 1992. 20(18): p. 4873-80. 
 
116. Starke, H.R., et al., Internal fluorescence labeling with fluorescent 
deoxynucleotides in two-label peak-height encoded DNA sequencing by 
capillary electrophoresis. Nucleic Acids Research, 1994. 22(19): p. 3997-
4001. 
 
117. Lewis, E.K., et al., Color-blind fluorescence detection for four-color DNA 
sequencing. Proceedings of the National Academy of Sciences of the United 
States of America, 2005. 102(15): p. 5346-5351. 
 
118. Soper, S.A., B.L. Legendre, Jr., and D.C. Williams, Online Fluorescence 
Lifetime Determinations in Capillary Electrophoresis. Analytical Chemistry, 
1995. 67(23): p. 4358-65. 
 
119. Chang, K. and R.K. Force, Time-resolved laser-induced fluorescence study on 
dyes used in DNA sequencing. Applied Spectroscopy, 1993. 47(1): p. 24-9. 
 198
 
120. Lassiter, S.J., et al., Time-resolved fluorescence imaging of slab gels for 
lifetime base-calling in DNA sequencing applications. Analytical Chemistry, 
2000. 72(21): p. 5373-5382. 
 
121. Lassiter, S.J., et al., Optimization of sequencing conditions using near-infrared 
lifetime identification methods in capillary gel electrophoresis. 
Electrophoresis, 2002. 23(10): p. 1480-1489. 
 
122. Lieberwirth, U., et al., Multiplex Dye DNA Sequencing in Capillary Gel 
Electrophoresis by Diode Laser-Based Time-Resolved Fluorescence Detection. 
Analytical Chemistry, 1998. 70(22): p. 4771-4779. 
 
123. Neumann, M., et al., Capillary array scanner for time-resolved detection and 
identification of fluorescently labelled DNA fragments. Journal of 
Chromatography, A, 2000. 871(1+2): p. 299-310. 
 
124. Sauer, M., et al., Time-resolved identification of individual mononucleotide 
molecules in aqueous solution with pulsed semiconductor lasers. Bioimaging, 
1998. 6(1): p. 14-24. 
 
125. Sauer, M., et al., Detection and identification of single dye labeled 
mononucleotide molecules released from an optical fiber in a microcapillary: 
First steps towards a new single molecule DNA sequencing technique. 
Physical Chemistry Chemical Physics, 1999. 1(10): p. 2471-2477. 
 
126. Sauer, M., et al., Single molecule DNA sequencing in submicrometer channels: 
state of the art and future prospects. Journal of Biotechnology, 2001. 86(3): p. 
181-201. 
 
127. Seeger, S., et al., Biodiagnostics and polymer identification with multiplex 
dyes. Berichte der Bunsen-Gesellschaft, 1993. 97(12): p. 1542-8. 
 
128. Waddell, E., et al., Time-resolved near-IR fluorescence detection in capillary 
electrophoresis. Journal of Liquid Chromatography & Related Technologies, 
2000. 23(8): p. 1139-1158. 
 
129. Waddell, E., et al., High-Resolution Near-Infrared Imaging of DNA 
Microarrays with Time-Resolved Acquisition of Fluorescence Lifetimes. 
Analytical Chemistry, 2000. 72(24): p. 5907-5917. 
 
130. Zhang, Y., et al., Simple near-infrared time-correlated single photon counting 
instrument with a pulsed diode laser and avalanche photodiode for time-
resolved measurements in scanning applications. Applied Spectroscopy, 1999. 
53(5): p. 497-504. 
 
 199
131. Soper, S.A., et al., Near-infrared, laser-induced fluorescence detection for 
DNA sequencing applications. IEEE Journal of Selected Topics in Quantum 
Electronics, 1996. 2(4): p. 1129-1139. 
 
132. Zhu, L., et al., Fluorescence Multiplexing with Time-Resolved and Spectral 
Discrimination Using a Near-IR Detector. Analytical Chemistry, 2003. 75(10): 
p. 2280-2291. 
 
133. Zhu, L., W.J. Stryjewski, and S.A. Soper, Multiplexed fluorescence detection 
in microfabricated devices with both time-resolved and spectral-discrimination 
capabilities using near-infrared fluorescence. Analytical Biochemistry, 2004. 
330(2): p. 206-218. 
 
134. McIntosh, S.L., et al., Fluorescence lifetime for on-the-fly multiplex detection 
of DNA restriction fragments in capillary electrophoresis. Analytical 
Chemistry, 2000. 72(21): p. 5444-5449. 
 
135. Nunnally, B.K., et al., Characterization of Visible Dyes for Four-Decay 
Fluorescence Detection in DNA Sequencing. Analytical Chemistry, 1997. 
69(13): p. 2392-2397. 
 
136. Li, L. and L.B. McGown, Effects of gel material on fluorescence lifetime 
detection of dyes and dye-labeled DNA primers in capillary electrophoresis. 
Journal of Chromatography, A, 1999. 841(1): p. 95-103. 
 
137. Li, L. and L.B. McGown, Comparison of sieving matrices for on-the-fly 
fluorescence lifetime detection of dye-labeled DNA fragments. Fresenius' 
Journal of Analytical Chemistry, 2001. 369(3-4): p. 267-272. 
 
138. Li, L.-C., et al., On-the-fly fluorescence lifetime detection of labeled DNA 
primers. Journal of Chromatography, B: Biomedical Sciences and 
Applications, 1997. 695(1): p. 85-92. 
 
139. Li, L.-C. and L.B. McGown, On-the-Fly Frequency-Domain Fluorescence 
Lifetime Detection in Capillary Electrophoresis. Analytical Chemistry, 1996. 
68(17): p. 2737-2743. 
 
140. Li, L.-C. and L.B. McGown, Improving signal to background ratio for on-the-
fly fluorescence lifetime detection in capillary electrophoresis. Electrophoresis, 
2000. 21(7): p. 1300-1304. 
 
141. He, H. and L.B. McGown, DNA Sequencing by Capillary Electrophoresis with 
Four-Decay Fluorescence Detection. Analytical Chemistry, 2000. 72(24): p. 
5865-5873. 
 
 200
142. He, H., et al., On-the-Fly Fluorescence Lifetime Detection of Dye-Labeled 
DNA Primers for Multiplex Analysis. Analytical Chemistry, 1998. 70(16): p. 
3413-3418. 
 
143. Legendre, B.L., Jr., et al., An all solid-state near-infrared time-correlated 
single photon counting instrument for dynamic lifetime measurements in DNA 
sequencing applications. Review of Scientific Instruments, 1996. 67(11): p. 
3984-3989. 
 
144. Soper, S.A., et al., The photophysical constants of several fluorescent dyes 
pertaining to ultrasensitive fluorescence spectroscopy. Photochemistry and 
Photobiology, 1993. 57(6): p. 972-7. 
 
145. Scherer, J.R., et al., Ultra-high throughput rotary capillary array 
electrophoresis scanner for fluorescent DNA sequencing and analysis. 
Electrophoresis, 1999. 20(7): p. 1508-1517. 
 
146. Swerdlow, H., et al., Capillary gel electrophoresis for DNA sequencing: laser-
induced fluorescence detection with the sheath flow cuvette. Journal of 
Chromatography, 1990. 516(1): p. 61-7. 
 
147. Becker, W., et al., Fluorescence lifetime imaging by time-correlated single-
photon counting. Microscopy Research and Technique, 2003. 63(1): p. 58-66. 
 
148. Kress, M., et al., Time-resolved microspectrofluorometry and fluorescence 
lifetime imaging of photosensitizers using picosecond pulsed diode lasers in 
laser scanning microscopes. Journal of Biomedical Optics, 2003. 8(1): p. 26-
32. 
 
149. Mitchell, A.C., et al., Measurement of nanosecond time-resolved fluorescence 
with a directly gated interline CCD camera. Journal of microscopy, 2002. 
206(Pt 3): p. 233-8. 
 
150. Stortelder, A., et al., Fast-gated intensified charge-coupled device camera to 
record time-resolved fluorescence spectra of tryptophan. Applied 
Spectroscopy, 2004. 58(6): p. 705-710. 
 
151. Urayama, P., et al., A UV-Visible-NIR fluorescence lifetime imaging 
microscope for laser-based biological sensing with picosecond resolution. 
Applied Physics B: Lasers and Optics, 2003. 76(5): p. 483-496. 
 
152. Roederer, M., et al., 8 color, 10-parameter flow cytometry to elucidate complex 
leukocyte heterogeneity. Cytometry : journal of the Society for Analytical 
Cytology, 1997. 29(4): p. 328-39. 
 
 201
153. Tong, A.K., et al., Combinatorial fluorescence energy transfer tags for 
multiplex biological assays. Nature biotechnology, 2001. 19(8): p. 756-9. 
 
154. Bystol, A.J., A.D. Campiglia, and G.D. Gillispie, Laser-induced 
multidimensional fluorescence spectroscopy in Shpol'skii matrixes with a fiber-
optic probe at liquid helium temperature. Analytical Chemistry, 2001. 73(23): 
p. 5762-5770. 
 
155. Whitcomb, J.L., A.J. Bystol, and A.D. Campiglia, Time-resolved laser-induced 
fluorimetry for screening polycyclic aromatic hydrocarbons on solid-phase 
extraction membranes. Analytica Chimica Acta, 2002. 464(2): p. 261-272. 
 
156. Hall, P. and B. Selinger, Better estimates of multiexponential decay 
parameters. Zeitschrift fuer Physikalische Chemie (Muenchen, Germany), 
1984. 141(1): p. 77-89. 
 
157. Lassiter, S.J., et al., Shedding light on DNA analysis multiplexed detection and 
identification using fluorescence lifetime methods. Spectroscopy (Duluth, MN, 
United States), 2002. 17(6): p. 14-18,20-23. 
 
158. Schmalzing, D., et al., Toward real-world sequencing by microdevice 
electrophoresis. Genome Research, 1999. 9(9): p. 853-858. 
 
159. Backhouse, C., et al., DNA sequencing in a monolithic microchannel device. 
Electrophoresis, 2000. 21(1): p. 150-156. 
 
160. Wu, S. and N.J. Dovichi, High-sensitivity fluorescence detector for fluorescein 
isothiocyanate derivatives of amino acids separated by capillary zone 
electrophoresis. Journal of Chromatography, 1989. 480: p. 141-55. 
 
161. Elkin, C.J., et al., High-throughput plasmid purification for capillary 
sequencing. Genome Research, 2001. 11(7): p. 1269-1274. 
 
162. DeAngelis, M.M., D.G. Wang, and T.L. Hawkins, Solid-phase reversible 
immobilization for the isolation of PCR products. Nucleic Acids Research, 
1995. 23(22): p. 4742-3. 
 
163. Hawkins, T.L., et al., DNA sequencing: a magnetic attraction to high-
throughput genomics. Science (Washington, D. C.), 1997. 276(5320): p. 1887, 
1889. 
 
164. Hawkins, T.L., et al., DNA purification and isolation using a solid-phase. 
Nucleic Acids Research, 1994. 22(21): p. 4543-4. 
 
165. Ruiz-Martinez, M.C., et al., A Sample Purification Method for Rugged and 
High-Performance DNA Sequencing by Capillary Electrophoresis Using 
 202
Replaceable Polymer Solutions: A. Development of the Cleanup Protocol. 
Analytical Chemistry, 1998. 70(8): p. 1516-1527. 
 
166. Salas-Solano, O., et al., A Sample Purification Method for Rugged and High-
Performance DNA Sequencing by Capillary Electrophoresis Using 
Replaceable Polymer Solutions. B. Quantitative Determination of the Role of 
Sample Matrix Components on Sequencing Analysis. Analytical Chemistry, 
1998. 70(8): p. 1528-1535. 
 
167. Oleschuk, R.D., et al., Trapping of bead-based reagents within microfluidic 
systems. On-chip solid-phase extraction and electrochromatography. 
Analytical Chemistry, 2000. 72(3): p. 585-590. 
 
168. Yu, C., et al., Monolithic porous polymer for on-chip solid-phase extraction 
and preconcentration prepared by photoinitiated in situ polymerization within 
a microfluidic device. Analytical Chemistry, 2001. 73(21): p. 5088-5096. 
 
169. Olsen, K.G., D.J. Ross, and M.J. Tarlov, Immobilization of DNA hydrogel 
plugs in microfluidic channels. Analytical Chemistry, 2002. 74(6): p. 1436-
1441. 
 
170. Ross, D. and L.E. Locascio, Microfluidic temperature gradient focusing. 
Analytical Chemistry, 2002. 74(11): p. 2556-2564. 
 
171. Tian, H., A.F.R. Huhmer, and J.P. Landers, Evaluation of Silica Resins for 
Direct and Efficient Extraction of DNA from Complex Biological Matrices in a 
Miniaturized Format. Analytical Biochemistry, 2000. 283(2): p. 175-191. 
 
172. Paegel, B.M., S.H.I. Yeung, and R.A. Mathies, Microchip bioprocessor for 
integrated nanovolume sample purification and DNA sequencing. Analytical 
Chemistry, 2002. 74(19): p. 5092-5098. 
 
173. Manz, A., et al., Micromachining of monocrystalline silicon and glass for 
chemical analysis systems. A look into next century's technology or just a 
fashionable craze? TrAC, Trends in Analytical Chemistry, 1991. 10(5): p. 
144-9. 
 
174. Soper, S.A., et al., Polymeric microelectromechanical systems. Analytical 
Chemistry, 2000. 72(19): p. 642A-651A. 
 
175. Boone, T., et al., Plastic advances microfluidic devices. Analytical Chemistry, 
2002. 74(3): p. 78A-86A. 
 
176. Pugmire, D.L., et al., Surface Characterization of Laser-Ablated Polymers 
Used for Microfluidics. Analytical Chemistry, 2002. 74(4): p. 871-878. 
 
 203
177. Qi, S., et al., Microfluidic devices fabricated in poly(methyl methacrylate) 
using hot-embossing with integrated sampling capillary and fiber optics for 
fluorescence detection. Lab on a Chip, 2002. 2(2): p. 88-95. 
 
178. Ford, S.M., et al., Microcapillary electrophoresis devices fabricated using 
polymeric substrates and X-ray lithography. Journal of Microcolumn 
Separations, 1998. 10(5): p. 413-422. 
 
179. Ford, S.M., et al., Micromachining in plastics using X-ray lithography for the 
fabrication of micro-electrophoresis devices. Journal of Biomechanical 
Engineering-Transactions of the Asme, 1999. 121(1): p. 13-21. 
 
180. Hashimoto, M., et al., Rapid PCR in a continuous flow device. Lab on a Chip, 
2004. 4(6): p. 638-645. 
 
181. Roberts, M.A., et al., UV Laser Machined Polymer Substrates for the 
Development of Microdiagnostic Systems. Analytical Chemistry, 1997. 69(11): 
p. 2035-2042. 
 
182. Sawai, H., K. Yokoyama, and H. Shimaoka, Cyclic polyolefin-based substrates 
for microchips and their manufacture. 2003, (Sumitomo Bakelite Co., Ltd., 
Japan). Application: JP. 
 
183. Ng, J.M.K., et al., Components for integrated poly(dimethylsiloxane) 
microfluidic systems. Electrophoresis, 2002. 23(20): p. 3461-3473. 
 
184. Chen, X., et al., A prototype two-dimensional capillary electrophoresis system 
fabricated in poly(dimethylsiloxane). Analytical Chemistry, 2002. 74(8): p. 
1772-1778. 
 
185. Sia, S.K. and G.M. Whitesides, Microfluidic devices fabricated in 
poly(dimethylsiloxane) for biological studies. Electrophoresis, 2003. 24(21): p. 
3563-3576. 
 
186. Quake, S.R. and A. Scherer, From micro- to nanofabrication with soft 
materials. Science, 2000. 290(5496): p. 1536-1540. 
 
187. Burns, M.A., et al., An integrated nanoliter DNA analysis device. Science 
(Washington, D. C.), 1998. 282(5388): p. 484-487. 
 
188. Thorsen, T., S.J. Maerkl, and S.R. Quake, Microfluidic Large-Scale 
Integration. Science (Washington, DC, United States), 2002. 298(5593): p. 
580-584. 
 
189. He, B., N. Tait, and F. Regnier, Fabrication of nanocolumns for liquid 
chromatography. Analytical Chemistry, 1998. 70(18): p. 3790-3797. 
 204
 
190. McCormick, R.M., et al., Microchannel Electrophoretic Separations of DNA 
in Injection-Molded Plastic Substrates. Analytical Chemistry, 1997. 69(14): p. 
2626-2630. 
 
191. Martynova, L., et al., Fabrication of Plastic Microfluid Channels by 
Imprinting Methods. Analytical Chemistry, 1997. 69(23): p. 4783-4789. 
 
192. McDonald, J.C., et al., Fabrication of microfluidic systems in 
poly(dimethylsiloxane). Electrophoresis, 2000. 21(1): p. 27-40. 
 
193. Ford, S.M., et al., Rapid fabrication of embossing tools for the production of 
polymeric microfluidic devices for bioanalytical applications. Proceedings of 
SPIE-The International Society for Optical Engineering, 2001. 
4560(Microfluidics and BioMEMS): p. 207-216. 
 
194. Xu, F., et al., Reduced viscosity polymer matrices for microchip 
electrophoresis of double-stranded DNA. Analyst (Cambridge, United 
Kingdom), 2003. 128(6): p. 589-592. 
 
195. Dang, F., et al., High-Performance Genetic Analysis on Microfabricated 
Capillary Array Electrophoresis Plastic Chips Fabricated by Injection 
Molding. Analytical Chemistry, 2005. 77(7): p. 2140-2146. 
 
196. Hataoka, Y., et al., Analysis of specific gene by integration of isothermal 
amplification and electrophoresis on poly(methyl methacrylate) microchips. 
Analytical Chemistry, 2004. 76(13): p. 3689-3693. 
 
197. Xu, F., et al., Single-step quantitation of DNA in microchip electrophoresis 
with linear imaging UV detection and fluorescence detection through 
comigration with a digest. Journal of Chromatography A, 2004. 1051(1-2): p. 
147-153. 
 
198. Sassi, A.P., et al., Rapid, parallel separations of D1S80 alleles in a plastic 
microchannel chip. Journal of Chromatography A, 2000. 894(1-2): p. 203-217. 
 
199. Shi, Y.N. and R.C. Anderson, High-resolution single-stranded DNA analysis 
on 4.5 cm plastic electrophoretic microchannels. Electrophoresis, 2003. 24(19-
20): p. 3371-3377. 
 
200. El-Difrawy, S.A., et al., High throughput system for DNA sequencing. Review 
of Scientific Instruments, 2005. 76(7): p. 074301/1-074301/7. 
 
201. Dang, F., et al., Replica multichannel polymer chips with a network of 
sacrificial channels sealed by adhesive printing method. Lab on a Chip, 2005. 
5(4): p. 472-478. 
 205
 
202. Llopis, S.D., W. Stryjewski, and S.A. Soper, Near-infrared time-resolved 
fluorescence lifetime determinations in poly(methylmethacrylate) microchip 
electrophoresis devices. Electrophoresis, 2004. 25(21-22): p. 3810-3819. 
 
203. Galloway, M., et al., Contact Conductivity Detection in Poly(methyl 
methacrylate)-Based Microfluidic Devices for Analysis of Mono- and 
Polyanionic Molecules. Analytical Chemistry, 2002. 74(10): p. 2407-2415. 
 
204. Situma, C., et al., Fabrication of DNA microarrays onto poly(methyl 
methacrylate) with ultraviolet patterning and microfluidics for the detection of 
low-abundant point mutations. Analytical Biochemistry, 2005. 340(1): p. 123-
135. 
 
205. Wabuyele, M.B., et al., Single molecule detection of double-stranded DNA in 
poly(methylmethacrylate) and polycarbonate microfluidic devices. 
Electrophoresis, 2001. 22(18): p. 3939-3948. 
 
206. Strege, M. and A. Lagu, Separation of DNA restriction fragments by capillary 
electrophoresis using coated fused silica capillaries. Analytical Chemistry, 
1991. 63(13): p. 1233-6. 
 
207. Song, L., et al., Separation of double-stranded DNA fragments in plastic 
capillary electrophoresis chips by using E99P69E99 as separation medium. 
Electrophoresis, 1999. 20(14): p. 2847-55. 
 
208. Dang, F., et al., Ultrafast analysis of oligosaccharides on microchip with light-
emitting diode confocal fluorescence detection. Electrophoresis, 2003. 24(4): 
p. 714-721. 
 
209. Lin, Y.-W. and H.-T. Chang, Modification of poly(methyl methacrylate) 
microchannels for highly efficient and reproducible electrophoretic 
separations of double-stranded DNA. Journal of Chromatography, A, 2005. 
1073(1-2): p. 191-199. 
 
210. Shi, Y.N., et al., Radial capillary array electrophoresis microplate and 
scanner for high-performance nucleic acid analysis. Analytical Chemistry, 
1999. 71(23): p. 5354-5361. 
 
 206
APPENDIX: LETTER OF PERMISSION 
 
 
 207
 208
 209
 210
VITA 
Li Zhu was born in Lianyungang, Jiangsu, China, in 1975. She attended 
Nankai University in Tianjin, China, where she earned her Bachelor of Science degree 
in chemistry in June 1998. Upon graduation, she went on to pursue the master’s 
degree in chemistry at the same university. She married Aimin Xu in 1999 and then 
relocated to the United States of America with her husband. In Fall 2000, she began 
her graduate study at Louisiana State University (Baton Rouge, Louisiana), where she 
pursued a doctoral degree in the field of analytical chemistry under the supervision of 
Dr. Steven A. Soper. Upon completion of degree, Li will be employed as a research 
scientist by GE-Global Research in Niskayuna, New York.  
 
 
 
